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FOREWORD 
This repor t  documents the work accomplished dur ing NASA LeRC Contract NO. 
NAS3-21238. It was the purpose of t h i s  contract  t o  develop a supervisory 
computer program which would t i e  together the rout ines ( e i t h e r  present ly 
ex is t ing  or  t o  be developed) t o  access the i n s t a l l a t i o n  o f  a propulsion 
system. The contract  was divided i n t o  seven tasks: 
o Task A - Data Base 
o Task B - Supervisory Program 
o Task C - Nacelle Weight and Drag 
o Task D - Nozzle Boa t ta i l  Drag 
o Task E - P i t o t  I n l e t s  
o Task F - Two-Dimensional I n l e t s  
o Task G - Ax'stsjmetric I n l e t s  
I n  TASK A, standardized formats f o r :  
- 3  
o I n l e t  perforniance and drag A 
0 Nozzle in te rna l  performance and aftbody drag ,Y 
-4 
were compiled f o r  the data base described i n  t h i s  contract. I n  TASK 0 ,  a I 
supervisory computer Program was developed which evaluates the 
I 
i n s t a l l a t i o n  penal t ies associated w i t h  the i n l e t s  and nozzles of TASK A. 4 
, 
The NASA NAVY Engine Program (NNEP), modif ied through the contract  i 
NAS3-21205 t o  p red ic t  bare engine weight, was used as t h i s  computer ? 
program's d r i ve r  routine. The supervisory computer program a1 so has the 3 1 
capabi 1 i t y  t o  determine the changcr i n  i n l e t  performance due t o  " h  4 3 
perturbat ions i n  engine cycle charac te r i s t i cs  and/or i n l e t  design 
parameters. I n  TASK C, computer procedures were developed f o r  est imat ing -1 3 
nacel le weight and drag. I n  TASK D, a compu?er procedure was developed ; :: 
for  est imat ing b o a t t a i l  drag fo r  the nozzle 8 r t a  base o f  TASK A. I n  TASKS I 
E, F, and G, a theoretical ly-based computer proceure was supplied t o  ; 1 i 
estimate conceptual design, performance and weight for  p i  t o t  i n le ts ,  mixed I; 
and external  compression a x i s m e t r i c  and two-dimensional i n le ts .  i ; 
3 
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INTRODUCTION 
During t h e  p r e l i m i n a r y  design phase of a i r c r a f t  development, i t  i s  
necessary t o  evaluate many potent  i a1 engine/ai  r f rame combinat ions t o  
determine t h e  best  s o l u t i o n  t o  a g iven s e t  o f  miss ion requirements. The 
eva lua t ion  process must be thorough enough no t  t o  e l iminate,  a t  an e a r l y  
p o i n t  i n  t h e  p r e l i m i n a r y  design process, any con f i gu ra t i ons  t h a t  might 
u l t i m a t e l y  prove t o  be v i a b l e  candidates i f  t ime  were a v a i l a b l e  t o  study 
them i n  d e t a i l .  A t  t he  same time, speed i n  eva lua t i ng  the  con f i gu ra t i ons  
i s  a lso  important  because i t  permi ts  many more con f i gu ra t i ons  t o  be 
analyzed on t h e  bas is  of actual  data r a t h e r  than sub jec t i ve  judgment o r  
experience. I n  addi t ion,  manpower and mnney are o f t e n  1 i m i  ted, especi a1 l y  
i n  t he  t y p i c a l  p r e l i m i n a r y  design study group. This  means t h a t  
c a l c u l a t i o n  procedures employed du r ing  these s tud ies  must be simple t o  use 
and r e q u i r e  a minimum o f  i n p u t  data prepara t ion  and setup time. Also, 
output  data must be e a s i l y  understood and the  r e s u l t s  presented i n  a 
fo rna t  t h a t  i s  r e a d i l y  usable i n  comparing competing conf igurat ions. 
The need f o r  a p r a c t i c a l  f i r s t  order  p ropu ls ion  i n s t a l l a t i o n  method has 
been long recognized. A i r c r a f t  manufacturers have developed computerized 
methods f o r  t h e i r  own in-house analysis,  b u t  these are not  genera l l y  
a v a i l a b l e  t o  t h e  pub l i c .  These in-house a n a l y t i c a l  methods are genera l l y  
separate programs; thus, the  t o t a l  i n s t a l  1  a t  i o n  penal t i e s  are no t  norma? l y  
v i s i b l e  u n t i l  numerous types of i n s t a l l a t i o n  r o u t i n e s  are run. I t  was the 
purpose o f  t h i s  con t rac t  t o  develop a superv isory computer program which 
t i e s  together  these r o u t i n e s  ( e i t h e r  p r e s e n t l y  e x i s t i n g  o r  t o  be 
developed) t o  assess the  t o t a l  i n s t a l  Pat ion penal ty .  These rou t i nes  would 
inc lude t h e  capabi 1 i ty o f  determining: 
o engine performance 
o engine weight and dimensions 
o i n l e t / n o z z l e  i n t e r n a l  performance and 
drag 
0 .  nace l l e  drag 
o i n l e t  and nace l l e  weight 
The estimation of engine performance is calculated by the NASA LeRC cycle 
analyzer entitled NAVY NASA Engine Program (NNEP) (see Reference 1). 
The program WATE-2 (see Reference 2) provides a method to determine bare 
engine weight and dimensions based on the characteristics (airflow size, 
pressure ratio, etc.) of each engine component. 
Inlet and nozzle internal performance and drag is determined using a 
modified version of PIPSI (see Reference 3). This in~tallat~ion routine 
utilizes inlet and nozzle performance maps of specific configurations. 
These performance maps are stored in a computer library. If an 
installation requires an inlet and/or nozzle which differs in physical or 
operational characteristics from those within the library, a derivative 
procedure is able to provide modified performance maps to reflect the 
changes of the required instal lation. 
The Naval Weapons Center (NWC) inlet analysis program (see Reference 4) 
is used to determine internal and external performance for supersonic 
axisymmetric and two-dimensional fixed geometry inlets. This program, in 
general, predicts inlet performance at maximum airflow conditions, 
however, inlet total pressure recovery and inlet additive drag are 
determined as a function of terminal normal shock position during 
subcritical operation of a two-dimensional inlet. 
A method (see Reference 5) was developed to analytically predict internal 
performance and drag for pitot inlets. 
For podded installations, methods for determining nacelle drag and weight 
were deve 1 oped. 
Methods for predicting weight for pitot, axisymiiieiric and two-dimensional 
inlets were also developed. 
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1.0 PROGRAM DESCRIPTION 
The f 01 lowing sect ions b r i  e f  l y  descr ibe  the  subprograms of the  
i n s t a l  l a t i o n  package. 
1.1 NAVY NASA ENGINE PROGRAM (NNEP) 
The Naval A i r  Development Center and t h e  NASA Lewis Research Center have 
j o i n t l y  developed a computer code (NNEP, see Reference 1) f o r  
thermodynamic cyc le  analys is  of t u r b i n e  engines. Through t h e  use o f  
stacked component maps and m u l t i p l e  f lowpaths t h i s  code has t h e  
capabi 1 i ty  o f  s imu la t ing  v a r i a b l e  cyc le  engines w i t h  va r iab le  component 
geometry. It i s  a lso capable o f  design and o f f -des ign  (matching) 
c a l c u l a t i o n s  and can opt imizp va r iab les  such as nozzle areas t o  minimize 
s p e c i f i c  f u e l  consumption. It i s  a d e r i v a t i v e  o f  the Navy code NEPCOMP. 
A diagram o f  i t s  subrout ine c o n n e c t i v i t y  i s  shown i n  F igure  1. A user 
guide f o r  NNEP has been inc luded i n  Vol. 2 o f  t h i s  repo r t .  
Indus t ry ,  i n  general, has acquired an adequate computer capabi 1 i t y  t o  
evaluate the  thermodynamic performance o f  these d iverse  engine concepts, 
tibwever, an accurate method of es t ima t ing  engine weight and dimensions 
has n o t  p rev ious l y  been ava i lab le .  An e a r l i e r  weight p r e d i c t i n g  method 
(see Reference 6 )  ' that  has been a v a i l a b l e  t o  the  general industry ,  
p r e d i c t s  engine weight by s t a t i s t i c a l  c o r r e l a t i o n s  o f  major cyc le  
c h a r a c t e r i s t i c s  such as: a i r f l ow ,  bypass r a t i o ,  o v e r a l l  pressure r a t i o ,  
etc.  This  method i s  probably capable o f  rough est imates f o r  convent ional 
engines; however, i t  i s  no t  app l i cab le  t o  nonconventional engines and 
cou ld  n o t  p r e d i c t  weight w i t h i n  +lo% as would be requ i red  i n  t y p i c a l  
- 
p r e l i m i n a r y  design studies. 
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Figure 1. NNEP Connectivity Flow 
A computerized program, WATE-2 ( see Reference 2), was created t o  p rov ide  
a more f l e x i b l e  and more accurate method based on c o r r e l a t i o n s  o f  
component weight and phys ica l  cha rac te r i s t i cs ,  such as compressor a i r f l o w  
size, pressure r a t i o ,  hub- t ip  r a t i o ,  e tc .  This  type o f  approach was more 
capable o f  es t ima t ing  nonconventional engines, s ince the  weight o f  each 
i n d i v i d u a l  component was accounted f o r .  As shown i n  Reference 2, no 
. adequate c o r r e l a t i o n s  could be found and the re fo re  a method based on 
,.mechanical p r e l  iminary design was chosen. This method uses s t ress  
levels ,  maximum temperature, mater i  a1 , geometry, stage loading, hub- t ip  
r a t i o  an s h a f t  mechanical overspeed t o  determine component weight and 
dimensions. 
The accuracy of the method i s  genera l l y  b e t t e r  than +lo%, u s u a l l y  about 
- 
+5%. The accuracy was v e r i f i e d  by  apply ing the method t o  9 d i f f e r e n t  
- 
engines, some of which were i n  t he  o r i g i n a l  data base and one small gas 
t u r b i n e  engine. Engines used i n  t h e  v a l i d a t i o n  were selected by NASA 
a f te r  complet ion o f  the  program. 
F igure  2 diagrams the  WATE-2 subrout ine connect iv i ty .  A user guide f o r  
WATE-2 has been inc luded i n  Vol. 2 of t h i s  repor t .  
1.3 INLET AND NOZZLE INSTALLATION METHODS (INSTAL) 
INSTAL i s  a computerized method f o r  c a l c u l a t i n g  i n s t a l l e d  p ropu ls ion  
system performance us ing  computer-stored f i 1 es o f  i n l e t  and 
nozzle/af tbody c h a r a c t e r i s t i c s  i n  con junc t ion  w i t h  the  u n i n s t a l l e d  engine 
data determined by NNEP. The i n l e t  and no tz le la f tbody  c h a r a c t e r i s t i c s  
used i n  t h i s  procedure are obtained from a l i b r a r y  o f  maps represent ing  
s p e c i f i c  conf igura t ions .  
The development of the  i n s t a l l a t i o n  program took f u l l  advantage of the  
e x i s t i n g  vers ion  of t he  Performance of I n s t a l  l e d  Propuls ion Systems - 
I n t e r a c t i v e  (PIPSI) procedure developed f o r  the  A i r  Force F l i g h t  Dynamics 
Laboratory (AFFDL) under Contract AFFDL-TR-78-91 (Reference 3 )  and the  
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Figure 2 WA TE2 Connectiviry 
Propul  s i g n  J n s t a l l  a t i o n  and Table Assembly Program (PITAP) procedure 
develdped f o r  AFFDL under Contract  F33615-72-C-1580 (Reference 5 ) .  The 
i n s t a l l  a t i o n  u t i l i z e s  i n l e t  and nozz le /a f tbody performance 
c h a r a c t e r i s t i c s  obta ined f rom a computer ized f i l e .  Th i s  computer ized 
f i l e  con ta ins  maps o f  s tandard ized format  which p rov ide  t h e  i n t e r n a l  
losses and drag c h a r a c t e r i s t i c s  f o r  a v a r i e t y  o f  s p e c i f i c  in:et and 
nozz le la f tbody  conf igurat ion!. , .  These con f i gu ra t i ons  are designed t o  
cover  a wide spectrum o f  Macl, numbers f rom subsonic t o  Mach 3.5. 
The computer l i b r a r y  of i n l e t  and nozz' le/af tbody c h a r a c t e r i s t i c s  enables 
t h e  user  t o  f i n d  i n  t h e  a v a i l a b l e  f i l e s  an i n l e t  or nozz le /af tbody 
c o n f i g u r a t i o n  t h a t  i s ,  i n  most cases, a f a i r l y  c l o s e  match t o  t h e  
c o n f i g u r a t i o n  under i n v e s t i g a t i o n .  I n l e t  maps f o r  a t o t a l  of 19 
con f i gu ra t i ons  and nozz l e /a f t body  maps f o r  9 c o n f i g u r a t i o n s  are avai  1 ab le  
f o r  use w i t h  t h e  i n s t a l l a t i o n  procedure. The c o n f i g u r a t i o n s  t o  which 
these maps correspond are descr ibed i n  Sec t ion  2.3.1.1 of t h i s  r epo r t .  
The complete documentation o f  i n p u t  maps i s  p rov ided  i n  Volume 111, 
A procedure e x i s t s  which a1 lows t he  program user  t o  make t r ade  s tud ies  
between bypass and s p i i l a g e  a i r f l o w .  The pl lrpose o f  t h i s  procedure i s  t o  
p rov ide  t h e  user  w i t h  maximum v i s i b i l i t y  o f  t he  e f f e c t s  on performance o f  
va r ious  des ign op t ions  t h a t  may be a v a i l a b l e  f o r  hand l i ng  excess i n l e t  
a i r f l ow .  The bypass vs. s p i l l a g e  t r ade  s tudy  ana l ys i s  procedure i s  
discussed i n  Sec t ion  2.3.1 o f  t h i s  r e p o r t .  
F i gu re  3 shows t h e  i n s t a l l a t i o n  r o u t i n e s  c o n n e c t i v i t y  diagram. 
1.4 DERIVATIVE PROCEDURE 
The purpose of t h e  d e r i v a t i v e  procedure (see Reference 3 )  i s  t o  p rov ide  a 
f i r s t - o r d e r  a n a l y t i c a l  and emp i r i ca l  method which determines t he  e f fec ts  
on t h e  performance of an i n l e t  and/or nozz le  when t h e  des ign parameters 
are a l t e r e d .  Th is  procedure operates on t h e  l i b r a r y  o f  s t o red  i n l e t  and 
nozz le  performance maps; i t  represents  the  performance c h a r a c t e r i s t i c s  o f  
the  per turbed c o n f i g u r a t i o n  by genera t ing  new i n p u t  maps. F i gu re  4 shows 
t he  d e r i v a t i v e  procedures subrout ine c o n n e c t i v i t y  diagram. 
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1.5 NAVAL WEAPONS CENTER INLET DESIGN AND ANALYSIS PROGRAM 
McDonnell A i r c r a f t  Company (MCAIR) has completed a program (see 
Reference 4 )  f o r  t he  Naval Weapons Center (NWC) under Contract 
NO. N000123-72-C-0335 t o  automate procedures f o r  t he  design and analys is  
o f  two-dimensional and a x i  symmetric i n l e t s .  These automated procedures 
are c u r r e n t l y  opera t iona l  on the  NWC UNIVAC 1108 system and the  MCAIR CDC 
6600 system, Un;(er t h i s  con t rac t  w i t h  NASA LeRC, NAS3-21238, t h i s  
r o u t i n e  was converted t o  be compatible w i t h  the  I B M  360/67 TSS Computer 
System and t h e  NNEP code. 
The computer pi-ogram's design and analys is  procedures f o r  f i x e d  geometry 
two-dimensional and axisymmetr i c  i n l e t s  cover t he  supersonic f 1 i g i i t  
regime up t o  approximately Mach 5. 
Ana l -y t i ca l  and en,pir ical  techniques are used i n  the  procedures t o  
c a l c u l a t e  i n l e t  f low f i e l d  and performance parameters, i nc lud ing  a i r f l ow ,  
t o t a l  pressure recovery, and drag. For t h e  two-dimensional i n l e t s ,  t he  
methods are app l i cab le  bo th  t o  ex terna l  o r  mixed compression i n l e t s  which 
u t i  1 i z e  ex te rna l  compression surfaces composed o f  s ingle,  double, o r  
t r i p l e  ramPs, o r  s i n g l e  ramps fol lowed by i s e n t r o p i c  compression 
surfaces. The procedures inc lude the  c a p a b i l i t y  f o r  analyz ing 
conf igura t ions  w i t h  var ious s idep la te  and cowl shapes and l i p  r a d i i .  
For t h e  axisymmetric i n l e t s ,  t h e  methods are app l icab le  both t o  ex terna l  
and/or mixed compression i n l e t s  which u t i l i z e  compression surfaces 
composed o f  s ing le ,  double, o r  t r i p l e  cone%, o r  s i n g l e  cones fol lowed by 
i s e n t r o p i c  compression surfaces. The i n l e t s  which have a s i n g l e  cone 
fo l l owed  by an i sen t rop i c  compression sur face w i l l  be r e f e r r e d  t o  as 
spike i n l e t s  i n  t h i s  repor t .  P i t o t  i n l e t s  are no t  addressed by the  
program. 
Diagrams of i t s  subrout ine c o n n e c t i v i t y  are shown i n  Figures 5 through 7. 
TDOO 
Function 
TDOO Controls transfers to Level 2 of structure 
TD20 Sets up Mo and a loops for srngle ramp cases, controls transfers to TD 
21 and 2 2  
1 0 2 1  Analyztns critrcal arid subcritical operi~tion of a srnglc ramp inlet 
1 D22 Analyzes \~rpercritical operation of a single r'inip inlet which has an external 
conipresslon surface followed by a converging-diverging duct. 
Scts up hPio and (1 loops for double rarnp cascs, coritrols tra~isfers to  TD 
31, 32, ar~d 33 
Dcsrgns a double r;irnp external cornpresslor1 surface rrilet and analyzes . 
and subc~ rlrcal opcratlon of same 
Analyzes crrt~cal arid s ~ ~ b c r r t r c ~ l  ope r~ t i on  of a doublt* ramp ~n le t  
Analyzes supercr~t~cal oper'ltlon of a double r'lrnp irilet which has an external 
conil~ressron surf,ire fo l lowc~i  by a co~ivergin~l-d~vcrgirlg duct. 
Sc~s  up hlo ,~nd a loops for t~rp lc  rilrnll cascs, c o ~ ~ t ~ o l s  t ~ ~ r ~ s f c r s  to TD 
41. 4 2 ,  ar~d 43 
Desrgris a trrple rarnp external Lornprcjsron surface rnlet arid ~nalyzes cr~t ical  
and subcr~tlsal opcratlon of same 
Analyzes critical and subcr~tical operation of a trrple ranip inlet 
Analyzes supercritical operation of a t~ iple ranip inlet which has an external 
compression surface followed by a coriverging.divurging duct. 
TD50 Sets up Mo and a loops f o ~  iscntropic wcdge (4 ranip) cases, controls trar~sfers 
to  TDs 51. 52, and 53 
TD51 Designs an iscntropic wcdgc rxtcrnnl carii~rrc~\sic~n surf,~cc rnlct, approxrrnates 
thrs inlet as a 4 rilmp inlet i~ r id  ;11ialy7t,\ c r ~ l r c - ~ l  ,jr~d st~t~t-rrtrral ol~ctatic-n 
of same 
1 D53 Analyzes supercritical operation of a four rarnp inlet which has an external 
coniplc.ssion surface folln\vctl by a corivergin!l-diverging duct. 
Figure 5 Two-Dir11cr~sioi1al Design Progmr~i Cor~r~ectivify Diagram 
AXlOO 
AX l lO  AX120 AX130 AX140 
I I I 
Function 
AXlOO Controls transfers to Level 2 of structure 
AX110 Takes in general input information 
AX120 Sets up Mo loops for single cone cases, controls transfers to AX1 s 21 and 22 
AX121 Analyzes critical operation of single cone inlet 
AX122 Analyzes supercritical operation of a single cone inlet which has an external / 
compression surface followed by a converging-diverging duct. 
AX130 Sets up Mo loops for double cone cases, controls transfers to AXI  s 
31. 32. and 33 
AX131 Designs a double cone external compression surface inlet and analyzes critical 
operation of same 
AX132 Analyzes critical operation of a double cone inlet 
AX133 Analyzes supercritical operation of a double cone inlet which has an external 
compression surface followed by a converging-diverging duct. 
AX140 Set up Mo loops for triple cone cases, controls transfers to AX1 s 41, 42, and 43 
AX141 Designs a triple cone external compression surface inlet and analyzes critical 
operation of same 
AX142 Analyzes critical operation of a triple cone inlet 
AX143 Analyzes supercritical operation of a triple cone inlet which has an external 
compression surfzce followed by a converging-diverging duct. 
Figure 6 Axisymmetric Design Subi-ou tine Connectivity Structure 
SPKOO 
I 
SPLYN ISOSPK AXIMOC DUCT 
Function 
SPKOO Takes in general ~ n p u t  information, controls transfers to Level 2 of 
structure 
SPLYN Takes the coord~nate arrays defining the external compression surface and 
f ~ t s  them to a curve frf 
ISOSPK Uscs cori~cal flow theory arid method of character~qtlcs computations to des~gn 
an Isentroplc sp~ke contour glven f o c ~ l  po~nt ,  free stream f.lach number and 
flow deflect~ons 
AXlMOC Uses nicthod of characteris~~cs computatrons to determine the flow field 
adjacent to  the external compression surface of an axlsymrnelrlc spike inlet 
and analyzes c r ~ t ~ c a l  operation of same 
DUCT Analyzes supcrcritical operation of a axisymrnetric spike inlet which has'an external 
cornpression surface followed by a converging-diverging duct. 
Figure 7 Axisynmietric Spike Design Connectivity Structure 
PITOT INLET ANALYSIS AND DESIGN 
A t h e o r e t i c a l l y - b a s e d  computer procedure (see Reference 5 )  was developed 
t o  supplement t h e  NWC program t o  p rov ide  i n l e t  recovery,  drag and major  
dimensions f o r  p i t o t  i n l e t s .  The method i s  a p p l i c a b l e  t o  two types o f  
p i t o t  i n l e t  app l i ca t i ons :  (1) subsonic CTOL o r  V/STOL a i r c r a f t  and ( 2 )  
t r anson i c  and supersonic a i r c r a f t  f o r  f l i g h t  a t  Mach numbers up t o  2.0. 
The major  dimensions t h a t  are determined a re  o v e r a l l  length,  h igh1  i t e  
area, t h r o a t  area, l i p  c o n t r a c t i o n  r a t i o ,  subsonic d i f f u s e r  length,  area 
r a t i o ,  and maximum diameter. The database o f  Sec t ion  1.3 l l s o  inc ludes  
p i t o t  i n l e t  performance. 
The d i f f u s e r  t o t a l  pressure losses f o r  subsonic p i t o t  i n l e t  i s  determined 
f rom c o r r e l a t i o n s  o f  d i f f u s e r  and l i p  losses (A pT/ql o r  P  /P ) T2 T 1  
as a  f u n c t i o n  of i n l e t  g e ~ r r ~ e t r i c  va r i ab les  and t h r o a t  Mach number. These 
c o r r e l a t i o n s  have been developed f rom t e s t  data f o r  a  v a r i e t y  o f  p i t o t  
i n l e t  c o n f i g u r a t i o n s  cover ing  a  wide range o f  geometr ic va r i ab les .  
The drag and recove ry  p r e d i c t i o n  procedures :lave been computerized t o  
p rov ide  a  systemat ic  way t o  o b t a i n  p r e d i c t e d  performance as a  f u n c t i o n  of 
i n l e t  geometr ic  va r i ab les .  
For t r a n s o n i c  and supersonic p i t o t  i n l e t  performance p red i c t i ons ,  t h e  
e f fec ts  o f  shock-generated losses are combined w i t h  t h e  d i f f u s e r  and l i p  
losses t o  o b t a i n  p r e d i c t i o n s  o f  o v e r a l l  recovery.  Drag c o r r e l a t i o n s  f o r  
p i t o t  i n l e t s  have been extended t o  Mach 2.0 t o  p rov ide  drag p r e d i c t i o n s .  
A  diagram o f  i t s  subrou t ine  c o n n e c t i v i t y  i s  shown i n  F igu re  8. 
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Figure 8 P I  TOT Connectivity Diagram 
1.7 NACELLE AND INLET WEIGHT 
Boeing M i l i t a r y  A i rp lane Development Weight Technology Sta f f  engineers 
have developed weight p r e d i c t i o n  methods f o r  nacel l e s  and i n l e t s .  These 
methods are c u r r e n t l y  being used i n  support of conceptual design, 
c o n f i g u r a t i o n  development and technology assessment studies. 
Dur ing conceptual design and/or conf igura t ion  development, nace l l e  and/or 
i n l e t  d e t a i l  design data are not  ava i lab le .  Only general a i rp lane  design 
parameters are known a t  t h i s  stage o f  a i rp lane  development: miss ion 
requirements, general arrangement qrawincj (a  th ree  view), bas ic  engine 
dimensions and l o c a t i o n  (podded-wi ng or  body mounted, body buried, etc.  ) , 
engine a i r f l o w  and sea l e v e l  s t a t i c  t h r u s t  and i n l e t  and nozzle type. 
These weight p r e d i c t i o n  methods are we l l  s u i t e d  when there  i s  l i m i t e d  
design i n fo rma t ion  avai 1 able. They w i  11 t y p i c a l l y  produce r e s u l t s  w i t h i n  
+ 10% o f  t he  ac tua l  weight o f  i n l e t s  and nacel les.  
- 
1.8 NACELLE DRAG 
Nace l le  drag i s  ca l cu la ted  f o r  podded i n s t a l  1 a t i  ons. During subsonic 
operat ion, s k i n  f r i c t i o n  drag and form drag w i l l  be caculated; dur ing  
supersonic operat ion, s k i n  f r i c t i o n  drag and wave drag w i l l  be 
ca lcu la ted .  
F r i c t i o n  drag i s  t he  i n t e g r a l  of the  shearing st resses taken over t he  
exposed sur face (wet ted area) o f  t he  vehic le.  I n  p rac t i ce ,  t he  f r i c t i o n  
drag i s  dependent on t h e  amount o f  exposed surface, t h e  average s k i n  
f r i c t i o n  c o e F f i c i e n t  and the  surface roughness. The major p o r t i o n  o f  
subsonic minimum pa ras i te  drag can be a t t r i b u t e d  t o  s k i n  f r i c t i o n .  The 
component o f  p a r a s i t e  drag o f ten  r e f e r r e d  t o  as form drag o r  " p r o f i l e u  
drag r e s u l t s  from t h e  a i r c r a f t  o v e r a l l  shape o r  p r o f i l e  which i s  
submitted t o  the  f r e e  stream. The form drag presented i n  t h i s  sec t i on  i s  
designed t o  be app l ied  a t  subsonic speeds only. Wave drag i s  the zero 
l i f t  pressure drag r e s u l t i n g  from the  fo rmat ion  o f  shock systems 
associated w i t h  t h e  supersonic f l o w  o f  compressible f l u i d  around an 
ob jec t  o f  f i n i t e  thickness. 
2.0 METHOD OF SOLUTION 
The fo l l ow ing  sect ions describe the  methods used t o  assess the  var ious 
aspects o f  t he  i n s t a l  l ed  performance o f  a p ropu ls ion  system. The areas 
t o  be addressed are: 
o engine performance 
o engine weight and dimensions 
o inlet/nozz:e i n t e r n a l  performance and drag 
0 nace l l e  drag fo r  a podded i n s t a l l a t i o n  
o i n l e t  and nace l le  weight 
The computer r o u t i n e s  which determine these i n s t a l l a t i o n  losses are t i e d  
together  by the superv isory program, NNEP. 
2.1 NAVY NASA ENGINE PROGRAM (NNEP) 
The NASA-Lewis Research Center (NASA LeRC) u t i  1 izes the  computer code, 
NNEP (see Reference 1) f o r  thermodynamic cyc le  analys is  o f  t u r b i n e  
engines. Through selected engine component combinations t h i s  program has 
t h e  c a p a b l i t y  o f :  
o s imu la t i ng  any tu rb ine  engine 
o s imu la t ing  va r iab le  component performance 
o changing a i r f l o w  paths w h i l e  opera t ing  
o op t im iz ing  variable-geometry s e t t i n g s  t o  minimize s p e c i f i c  
f ue l  consumption o r  maximize t h r u s t  
NNEP i s  used as the  supervisory program which c a l l s  a l l  i n s t a l  l a t i o n  
subprograms: 
WTEST: engine weight and dimensions 
INSTAL: i n l e t  and nozzle performance 
i n l e t  and nace l le  weight 
nace l le  drag 
Consult Reference 1 f o r  a d e t a i l e d  d e s c r i p t i o n  o f  the method of so lu t ion .  
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A method has been developed t o  es t imate  engine weight  and major  envelope 
dimensions o f  l a r g e  a x i a l  f l o w  a i r c r a f t  j e t  engines and smal l  gas t u r b i n e  J 
engines. The computerized method, c a l l e d  WATE-2 (Weight Ana lys is  o f  1 
Turb ine  Engines),  determines t h e  weight  o f  each major component i n  he 1 1 
engine, such as compressors, burners, t u r b i n e s  and frames. A p r e l i m i n a r y  1 
.I 
design approach i s  used where s t r e s s  l eve l ,  maximum temperature, ma te r i a l ,  Y d 
geometry, s tage loading, hub - t i p  r a t i o ,  and s h a f t  mechanical overspeed are 
used t o  determine t h e  component weight.  
F o r  podded i n s t a l l a t i o n s ,  t h e  engine dimensions t h a t  MATE-2 p r e d i c t s  are 
used t o  determine a n a c e l l e  c o n f ~ g u r a t i o n .  The weight  and drag o f  t h i s  
n a c e l l e  (see sec t i ons  2.3.5 and 2.3.6) then can be determined. 
Consul t  Reference 2 f o r  a d e t a i l e d  d e s c r i p t i o n  o f  t he  method o f  s o l u t i o n .  
2.3 INSTALLATION 
A computer program e n t i t l e d ,  "Performance o f  I n s t a l l e d  Propu ls ion  System - 
I n t e r a c t i v e "  (PIPSI) (see Reference 3),  was designed t o :  
o p r o v i d e  a r a p i d  process o f  c a l c u l a t i n g  i n s t a l l e d  p ropu l s i on  
system performance da ta  w h i l e  i n c l u d i n g  r e a l i s t i c  e f f e c t s  of 
i n l e t  and nozz le  losses due t o  drag and i n t e r n a l  performance. 
o assure t h e  accuracy and s u i t a b i l i t y  o f  t he  i n s t z l  l a t i o n  
procedure f o r  use i n  p r e l i m i n a r y  des ign s tud ies  
o r e f l e c t  t h e  e f f e c t s  o f  t h r o t t l e  s e n s i t i v e  changes i n  i n l e t  and 
nozz le /a f thody losses. 
The reference vers ion  of PIPS1 u t i l i z e s  a computer s to red  l i b r a r y  o f  i n l e t  
and nozz le  performance c h a r a c t e r i s t i c s  i n  con junc t i on  w i t h  an i n te rmed ia te  
f i l e  o f  u n i n s t a l l e d  engine data as inpu t .  The bas ic  s t r u c t u r e  o f  t h e  main 
c a l c u l a t i o n  procedures of t h e  PIPS1 computer program i s  shown by t h e  f l o w  
c h a r t s  of F i gu res  9 and 10. F i g u r e  9 shows how t h e  i n l e t  procedure 
handles t h e  f u n c t i o n s  o f  s i z i n g  t h e  i n l e t ,  matching t h e  i n l e t  i n p u t  da ta  
w i t h  t h e  engine a i r f l o w  demand, and o b t a i n i n g  t h e  matched i n l e t  
performance parameters f r om  t h e  i n l e t  da ta  tab les .  Engine co r rec ted  
a i r f l o w  demand ;s t h e  matching parameter between engine data. and i n l e t  
data. F i  gure 10 shows t h e  nozz le la f tbody  procedure. Nozz le  
t o t a l - t o -amb ien t  p ressure  r a t i o  i s  used as t h e  match ing parameter f o r  
match ing nozz le  performance data t o  engine data. 
Under t h i s  con t rac t ,  t h e  PIPS1 i n s t a l l a t i o n  procedure was m o d i f i e d  t o  r u n  
i n  con junc t i on  w i t h  NNEP; no i n t e rmed ia te  f i l e  o f  u n i n s t a l l e d  engine 
performance da ta  i s  generated. 
A f t e r  t h e  des i r ed  i n l e t  and nozz le  are se lected,  each f l i g h t  c o n d i t i o n  
t h a t  i s  t o  be i n s t a l l e d  must be r u n  through NNEP tw ice .  I n  t h e  i n i t i a l  
pass, a l l  hD i n p u t s  are i d e n t i c a l  t o  those o f  t h e  bas i c  fo rm o f  NNEP w i t h  
t h e  excep t ion  o f  a  new v a r i a b l e  INST. Th is  parameter must be se t  t o  
zero. Th i s  f i r s t  pass i s  needed t o  determine t h e  co r rec ted  a i r f l o w  t h a t  
t h e  engine requ i r es .  The i n s t a l l a t i o n  r o u t i n e  w i l l  then determine t h e  
p ressure  r ecove ry  t h a t  t h e  des i red  i n l e t  must operate  a t  ' n  w d e r  t o  
supp ly  engine demand. Wi th  INST = 1, t h e  second pass through NNEP w i l l  
use t h i s  i n l e t  r ecove ry  a long  w i t h  t h e  proper  va lue o f  CF , 
G 
deter ,n ined from t h e  gross t h r u s t  c o e f f i c i e n t  map t o  determine engine 
perforr iance. Each s  - 4  p o r t i o n  o f  t h e  i n s t a l l a t i o n  r o u t i n e :  
o i n l e t d r a g  
o nozz le  drag 
o i n l e t  and/or n a c e l l e  weight  
o  n a c e l l e  drag 
w i l l  t hen  be executed. 
F i q u r e  9 I n l e t  Procc+r~rc! 
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P i t o t  i n l e t s  a re  i nc l uded  i n  t h e  i n l e t  map da ta  base. However, if t h e  
p i t o t  i n l e t  a n a l y t i c  design r o u t i n e  i s  u t i l i z e d ,  t h e  i n l e t  p ressure  
r ecove ry  and drags are determined a n a l y t i c a l l y  (see Sec t ion  2.3.1.2.1) a t  
each f l i g h t  c o n d i t i o n .  Maps o f  i n l e t  performance da ta  a re  no t  used. 
The NWC i n l e t  a n a l y s i s  r o u t i n e  f o r  supersonic  ax isymmetr ic  and 
two-dimensional  i n l e t s  a1 so does no t  r e q u i r e  performance maps. Th i s  
program, i n  genera l ,  p r e d i c t s  i n l e t  performance a t  maximum a i r f l o w  
cond i t i ons ,  however, i n l e t  t o t a l  pressure recovery  and i n l e t  a d d i t i v e  d rag  
a re  determined as a  f u n c t i o n  o f  t e r m i n a l  normal shack p o s i t i o n  d u r i n g  
s u b c r i t i c a l  o p e r a t i o n  o f  a  two-dimensional  i n l e t .  
2.3.1 INLET PERFORMANCE ESTIMATION 
The i n l e t  performance subprogram o f  t h e  INSTAL procedure i n v o l v e s  cons id-  
e r a b l y  more p rocedura l  s teps than  t he  nozz le /a f t body  drag and gross t h r u s t  
c o e f f i c i e n t  subprograms. Th i s  i s  due t o  t h e  f a c t  t h a t  each aspect o f  t he  
i n l e t  system t h a t  c o n t r i b u t e s  t o  t h e  t o t a l  i n l e t  drag must be c a l c u l a t e d  
sepa ra te l y .  The drag due tc~ s p i l l a g e ,  bleed, and bypass must he 
determined as a  f u n c t i o n  o f  mass f l o w  r a t i o ,  adding t o  t h e  comp lex i t y  of 
t h e  computer program. 
I n l e t  perforniance maps a re  i n p u t  data t o  t h e  i n l e t  subprogram. Th i s  
subprogram s i z e s  t h e  i n l e t  cap tu re  area ( i f  des i r ed )  and conve r t s  t h e  
i n l e t  performance maps i n t o  t o t a l  p ressure  r ecove ry  and i n l e t  drags t h a t  
a r e  matched t o  t h e  c o r r e c t e d  a i r f l o w  demand o f  t h e  engine. 
The s i z i n g  r o u t i n e  pe rm i t s  t h e  i n l e t  t o  be s i z e d  f o r  o p e r a t i o n  a t  a  
d e s i r e d  i n l e t  mass f l o w  r a t i o  and recovery  u s i n g  t h e  engine a i r f l o w  
demand. I f  des i red ,  a  s p e c i f i e d  cap tu re  area can a l s o  be i npu t .  The 
c a p a b i l i t y  o f  i n p u t i n g  o r  s i z i n g  a  new cap tu re  area f o r  any t h r o t t l e  
s e t t i n g  o f  any f l i g h t  c o n d i t i o n s  e x i s t s  t o  p e r m i t  b e t t e r  match ing between 
engine demand and i n l e t  supply.  
The i n l e t  i n p u t  r e q u i r e s  f o u r t e e n  t a b l e s  o f  i t i p u t  da ta  which descr ibe  t h e  
performance c h a r a c t e r i s t i c s  of t h e  i n l e t .  Eng ineer ing  da ta  ob ta ined  f r om 
wind tunne l  t e s t s  and t h e o r e t i c a l  c a l c u l a t i o n s  a re  used t o  o b t a i n  t h e  
i n l e t  performance c h a r a c t e r i s t i c s .  The format f o r  t h e  i n l e t  da ta  i s  shown 
i n  F i g u r e  11. The r e l a t i o n s h i p  between l o c a l  and f l i g h t  Mach numbers may 
be i n p u t  by t h e  user  i f  t h i s  i n f o rma t i on  e x i s t s .  Otherwise, t h e  
r e l a t i o n s h i p  w i l l  be one-to-one as shown i n  t h e  da ta  base (Vol .  3 ) .  
The i n l e t  procedure recognizes t h r e e  modes o f  i n l e t  ope ra t i on :  low- 
speed, e x t e r n a l  compression, and mixed compression. The low-speed mcde i s  
used o n l y  a t  v e r y  low Mach numbers, e.g., takeoff  cond i t i ons ,  when o n l y  
h i gh  engine power s e t t i n g s  are l i k e l y  t o  be o f  i n t e r c s t  and i n l e t  drag i s  
n e g l i g i b l e .  The external-compression mode i s  used over t h e  rema in ing  Mach 
number regime f o r  external-compression i n l e t s .  It i s  a l so  used f o r  t h e  
rema in ing  subsonic regime and supersonic Mach numbers l e s s  than  t h e  
s t a r t i n g  Mach number f o r  mixed-compression i n l e t s .  The mixed-compression 
mode i s  used a t  o r  above t h e  s t a r t i n g  Mach number for. mixed-compression 
i n l e t s .  
a) External-Compression I n l e t s .  The INSTAL c a l c u l a t i o n  o f  recovery  and 
d rag  f o r  an externa l -compress ion i n l e t  i s  i l l u s t r a t e d  i n  F i g u r e  12. 
T a b l e  1 i s  used t o  represen t  t h e  e f f e c t  of t h e  a i r p l a n e  f l o w  f i e l d  on 
t h e  l o c a l  Mach number seen by  t h e  i n l e t .  Table  2A g ives  t h e  b a s i c  
recovery/mass-flow-ratio c h a r a c t e r i s t i c s  o f  t h e  i n l e t .  The minimum 
Mach number f o r  which da ta  i s  i n p u t  i n  Table  2A i s  taken by  t h e  
program t o  be M , below which o n l y  t h e  lowspeed mode i s  used. 
'mi n  
In t h e  low-speed mode, recovery  i s  read d i r e c t l y  o u t  o f  Table  28 as a 
f u n c t i o n  o f  l o c a l  Mach number only,  and i n l e t  drag i s  neglected.  
I f  t h e  l o c a l  Mach number exceeds M , the  recove ry  and mass 
'mi n  
f l o w  r a t i o  a re  determined us i ng  Table  2A, Tab le  7 (which g ives  t h e  
scheduled bypass flow, i f  any, as a  f u n c t i o n  o f  engine mass f l o w  
r a t i o ) ,  and t h e  engine co r rec ted  a i r f l o w  demand. 
INSTAL i t e r a t e s  t o  so l ve  s imu l taneous ly  f o r  t h e  matchpoin t  recovery  
TABLE 1 TABLE 2A TABLE 28 
LOCAL MACH RECOVERY VS. MASS FLOW MATCHED NUMBER INLET RECOVERY 
Mo c.; pT21pT0 1 -\ pT2 l p T o r ~  - 
MI, A0 A, M 0 
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b!ATCH ED 
I MASS FLOW 
A0 4, 
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TABLE 5 
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Figure 1 1  Format for Inlet Performance Maps. 
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and in l e t  mass flow rat io ,  as well as the engine mass flow rat io  and 
scheduled bypass flow. If the indicated buzz (Table 20) or distor- 
tion (Table 2E) limits are exceeded, an appropriate warning message 
will appear, b u t  no fa ta l  error will result .  The bleed mass flow 
associated with the calculated in le t  mass flow ra t io  i s  determined 
from Table 6A. 
After the required mass flow rat ios  are determined, spillage, bleed, 
and bypass drags are found from Tables 3, 4, and 5, respectively. 
Spillage dray i s  the incremental change in additive drag and pressure 
drag on the airplane due to in le t  operations a t  mass flow rat ios  less  
than a reference mass flow ratio.  The bleed and bypass drags include 
door drags as well as momentum loss of the airflow. 
b) Mixed-Compression Inlets.  The performance calculation for a mixed- 
compression in le t  i s  i l lustrated in Figure 13. Below the s tar t ing 
Mach number, MS, the low-speed mode and external compression mode 
are used i n  the same way as in the case of an external-compression 
inlet .  The mixed-compression mode, used a t  or above MS, i s  based 
on the assumption that  a closed-loop bypass system i s  available to 
remove a l l  excess a i r .  Thus, except for  the case of excessive engine 
airflow demand, the in le t  mass flow rat io ,  bleed flow, and recovery 
may a l l  be scheduled as a function of local Mach number only; the 
bypass system compensates for changes in engine airflow demand. 
If the corrected airflow delivered by the in le t  i s  inadequate to meet 
the engine demand at the scheduled recovery, the program will permit 
the in l e t  to operate a t  an excessive supercrit ical  margin. The 
recovery will be lowered suff ic ient ly  to match the engine corrected 
airflow demand, and an appropriate message will warn the user of an 
undersized in le t .  
Inlet  spi l lage,  bleed, and bypass drag are found using Tables 3, 4, 
and 5,  as i n  the external-compression mode. The data i n  these tables 
for  Mach numbers equal to or greater than MS apply only for started 
inlet  operation. 
Determine Recovery 
Mass Flow Ratios 
Local Mach Number Local Mach Number 
Excess Air 
Locai Macti Number 
Mass Flow Ratio 
Figure 13 PIPS1 Performance Calculation for a 
Kixed-compression Inlet 
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In le t  Sizing 
For sizing calculations, Table 2C of recommended in le t  airflow variations 
Ao/AC vs. Mo and Table 28 of recommended in le t  to ta l  pressure 
recovery vs. Mo are used to  determine the required capture area 
variation with Mach number. These parameters are used in the following 
equations to  calculate capture area, AC: 
A. ENC 
~, .10 .2  = - P (*dAc) h(~- 33 (Ad% )M ATCHED 
In1 e t  Reference Conditions 
For purposes of aero-propul sion thrust/drag bookkeeping, a reference mass 
flow ra t io  i s  employed. This reference mass flow ra t io  is shown in Table 
38 of Figure 11. I t  represents the 'inlet mass f l lw ra t io ,  A /AC,  
O I 
a t  which the spillage drag i s  defined as zero. This reference provides 
the zero drag reference base for the input spil lage drag variations vs. 
A, /AC at  each Mach number input as Table 3. The reference mass 
I  
flow rat io  i s  selected to be a mass flow rat io  a t  or near the point of 
maximum in le t  flow areas r a t io  at  each Mo. A t  t h i s  point, no further 
throttle-dependent in l e t  airflow variations would be expected. 
Therefore, a t  th i s  mass flow ra t io  i t  i s  logical to include the drag of 
the spilled airflow i n  the airplane drag polar. The i n l e t  drag reference 
mass flow r a t i o  concept i s  i l lustrated in Figure 14. 
For users who prefer to use a mass f l ~ w  rat io  of 1.0, an opticil i s  in- 
cluded in the computer program t o  add the incremental reference spi l lage 
drag t o  the spillage drag i n p u t  data of Table 3, thereby creating a 
reference mass flow ra t io  equal to 1.0. 
Beseline (Inlet Drag) Bleed Closed 
Bypass closed 
The i n l e t  b a s e l i n e  r e f e r e n c e  c o n d i t i o c  f o r  s p i l l a g e  d r a g  
i s  d e f i r ~ c d  a t  e a c h  Mach n ~ ~ n b e r  a s  shown b e l o w .  T h i s  
c o n d i  t i o n  was c h o s e n  b e c a u s e :  
a )  i t  c o r r e s p o n d s  t o  a n  a c c u r a t e  r e f e r e n c e  a n d  
m e a s u r a b l e  c o n d i t i o n  f o r  t h e  r e a l  i n l e t ,  
b )  i t  c o r r e s p o n d s  t o  a c o n d i t i o n  when  i n l e t  s p i l l a g e  
d r a g  i s  minimum ( i . , e . ,  minimum l i p  s e p a r a t i o n  
a n d  t h e r e f o r e  l e s s  e r r o r  i n  s c a l i n g ) ,  
c )  i t  i s  n e a r  t h e  o p e r a t i n g  c o n d i t i o n  o f  t h e  i n l e t  
( a i r p l a n e  r e f e r e n c e  m o d e l  t h e r e f o r e  c o n t a i n s  
m a j o r  i n l e t  i n t e r f e r e n c e  e f f e c t s ) .  
Figure 14 ' Definition of Inlet Reference Nass Flow R a t i o  
Bypass vs. S p i l l  age Trade C a l c u l a t i o n  
A  c a l c u l a t i o n  procedure (see f l o w  diagram o f  F i g u r e  15)  has been developed 
and programmed t h a t  p rov ides  t h e  c a p a b i l i t y  t o  a u t o m a t i c a l l y  per form t r a d e  
s t u d i e s  between bypass and s p i l l a g e  a i r f l o w .  The purpose o f  t h i s  
procedure i s  t o  p rov ide  t he  program user  w i t h  maximum v i s i b i l i t y  o f  t h e  
e f f e c t s  o f  va r i ous  d e s " j n  op t i ons  t h a t  may be a v a i l a b l e  f o r  hand l i ng  
excess i n l e t  a i r f l o w .  
The t r a d e  s tudy  procedure p rov ides  t h e  user  w i t h  t h e  o p t i o n  t o  s e l e c t  any 
of t h e  f a l l o w i n g  modes f o r  d ispos ing  o f  excess a i r f l o w :  
Mode 
1 A l l  excess a i r f l o w  s p i l l e d  . 
2 A l l  excess a i r f l o w  bypassed above a  s p e c i f i e d  Mach number 
3  Scheduled bypass w i t h  remainder of excess a i r f l o w  s p i l l e d  
4 Optimum combinat ion o f  bypass and s p i l l a g e  f o r  minimum drag 
5 Optimum combinat ion of bypass and s p i l l a g e  f o r  minimum i n s t a l l e d  
SFC ( i n c l u d e s  e f f e c t  o f  bypass on t o t a l  p ressure  recovery )  
Fo r  v i s i b i l i t y ,  an o p t i o n a l  p r i n t o u t  can be spec i f i ed  by t h e  user t h a t  
w i l l  d i s p l a y  t h e  complete r e s u l t s  of t he  sp i l l age /bypass  t r a d e  s tud ies.  
2.3.1.1 INLET PERFORMANCE MAP LIBRARY 
The purpose o f  t h e  l i b r a r y  of i n l e t  maps i s  t o  p rov ide  a  r e a d i l y - a v a i l a b l e  
source o f  i n l e t  performance c h a r a c t e r i s t i c s  t h a t  can be u t i  1  i z e d  by t he  
i n s t a l l a t i o n  computer program. When c a l c u l a t i o n s  a re  t o  be performed, t h e  
l i b r a r y  computer f i l e  r ep resen t i ng  t h e  i n l e t  da ta  i s  searched f o r  t h e  
requested i n l e t  u s i n g  name1 i s t  i npu ts .  
The i n l e t  performance c h a r a c t e r i s t i c s  are s to red  i n  t h e  form o f  t a b l e s  o f  
s tandard ized  f o rma t  (see F i g u r e  11).  Th i s  fo rmat  was se lec ted  t o  p r o v i d e  
a  s tandard ized  framework i n  wti ich e i t h e r  exper imenta l  da ta  o r  t h e  r e s u l t s  
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o f  a n a l y t i c a l  ca l cu la t i ons  can be used. The i n p u t  format f o r  t he  data 
remains constant, b u t  the data t h a t  goes i n t o  the  t a b l e s  can come from 
var ious sources depending on t h e  amount o f  t ime a v a i l a b l e  f o r  p repar ing  
t h e  data and/or t he  amount o f  experimental data ava i lab le .  Because of the 
f a c t  t h a t  da ta  i n  t he  i n p u t  t ab les  can be changed, i t  i s  poss ib le  t o  
improve t h e  accuracy o f  t he  i n s t a l l e d  propu ls ion  system performance 
c a l c u l a t i o n s  as more d e t a i l e d  data become ava i lab le .  
The mat r ix  of i n l e t  conf igura t ions  f o r  which performance c h a r a c t e r i s t i c s  
are ava i l ab le  i s  shown i n  F igure  16. Performance c h a r a c t e r i s t i c s  are 
a v a i l a b l e  f o r  a t o t a l  o f  19 separate i n l e t  conf igura t ions .  These 
conf igura t ions  inc lude a  v a r i e t y  of i n l e t  types: chin, p i t o t ,  
two-dimensi onal  and axisymmetr i c  ex terna l  compression, and two-dimensional 
and axisymmetric mixed compression. The design Mach number range covered 
by the  conf igura t ions  i s  0.5 t o  3.5. 
The i n l e t  con f i gu ra t i ons .  t h a t  are represented by  t h e  1  i b r a r y  o f  
performance c h a r a c t e r i s t i c s  have been se lec ted  by cons ider ing  the  
f o l  Towing f a c t o r s :  
1. A t  each design Mach number, t he  c o n f i g u r a t i o n  must be t y p i c a l  o f  
an i n l e t  t h a t  could reasonably be used a t  t h a t  Mach number. 
Design Mach number a f f e c t s  such design fea tu res  as v a r i a b l e  
geometry, number of compression ramps, boundary l a y e r  b leed 
system design, and mixed vs. ex te rna l  compression scheme. The 
way t y p i c a l  i n l e t  design fea tures  vary  as design Mach number i s  
increased i s  i l l u s t r a t e d  i n  F igure  17. I n  general, the  t rend  i s  
toward more i n l e t  complexi ty  and more v a r i a b l e  geometry as 
design Mach number increased, assuming a  h igh  l e v e l  o f  t o t a l  
pressure recovery i s  t o  be maintained. 
2, Experimental data were a v a i l a b l e  f o r  several i n l e t  
con f i gu ra t i ons  t h a t  could be used t o  p rov ide  we1 1-substant ia ted 
i n l e t  performance maps. It has been an o b j e c t i v e  o f  t he  program 
t o  use experimental data whenever i t  i s  a v a i l a b l e  and t h e  
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Figure 17. Representative Spectrum o f  Inlets 
conf igura t ion  i s  su i t ab le  ( o r  t y p i c a l )  f o r  t he  intended 
app l i ca t i on .  Examples of some o f  t h e  usefu l  sources of data 
t h a t  have been u t i l i z e d  i n  developing the i n l e t  performance 
c h a r a c t e r i s t i c s  are: Tai lor-Mate t e s t s  (Reference 7), F-15 
i n l e t  t e s t s  (Reference 8),  Boeing LWF t e s t s  (Reference 9), XB-70 
t e s t s  (Reference l o ) ,  NAR F-100 i n l e t  t e s t s  (Reference l l ) ,  and 
Boeing subsonic i n l e t  t e s t s  (Reference 12). 
3. Several sets of i n l e t  performance c h a r a c t e r i s t i c s  were ava i l ab le  
from the  A i r  Force Contract F33615-72-C-1580 (Reference 5).  
These data were used for  Conf igura t ions  NS2, LWF, ASF, VSTOL, 
FB, and INT, l a r g e l y  unchanged, except f o r  some r e v i s i o n s  i n  the  
data t a b l e  formats. 
4. I n l e t  data were ava i l ab le  a t  Boeing f o r  Conf igurat ions ATS2 and 
NVSTO. Tnese i n l e t s  represent t y p i c a l  i n l e t  con f i gu ra t i ons  f o r  
the requ i red  design Mach numbers. 
A summary cha r t  i s  presented i n  F igure 18 which shows the  i n l e t  
con f i gu ra t i on  namelist ,  a b r i e f  d e s c n p t i o n  o f  t he  i n l e t ,  and the source 
o f  the data and/or methods used t o  ob ta in  the  i n l e t  performance 
cha rac te r i s t i cs .  I n  add i t i on  t o  the in fo rmat ion  shown i n  F igure  18, each 
o f  the i n l e t s  i s  described i n  d e t a i l  i n  Vol. 111. 
2.3.1.2 INLET DESIGN AND?.' ',YSISMETHODS 
The c a p a b i l i t y  of determining i n l e t  performance through the  use of a 
theore t ica l l y -based analys is  procedure was required. The NWC i n l e t  
program (see Reference 4 )  was used fo r  t he  design and ana lys is  o f  
two-dimensional and axisymmetric i n l e t s  opera t ing  i n  the supersonic f l i g h t  
regime. The a n a l y t i c a l  method o f  Reference 5 was modi f ied  t o  analyze 
p i t o t  i n l e t s  o f  CTOL o r  V/STOL design. 
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INLET 
FILE NAME 
A7 
F 8 
M5SUB 
MSSUB 
NS 
NS2 
LWF 
ATS2 
AS F 
VSTO L 
NWSTOL 
TM 1 B3 
F B 
I NT 
M352D 
AST 
NASA3 
BCAC35 
R 2DSST 
INLET CONFIGURATIONS AND SOURCES OF DATA 
USED TO DEVELOP THE INLET MAPS 
A-7 type inlet; developed from published A-7 data and engineering analysis 
F-8 type inlet; developed from published F-8 inlet data and analysis 
Subsonic inlet type; 
he., 707,727, etc.) based on data and methods from Boeing wbsonic inlet 
Subsonic inlet type; based on data snd methods used to develop Boeing 747-type Inlets 
Normal shock inlet; based on data kom Rockwell tests cf'F-100 airplane rrrlet 
Normal shock-ty e inlet; barad on data from Rockwell F-188 inlet, Boelng LWF 
sinlet tests, and 8~ LWF inlet data' 
Fixed-Geometry, 2-hock inlet; based on data firom Boelng LWF inlet tests 
Four-shock, variable ramp inlet; theoretical design based on ana9ysls. optlrnlzed for Mo I: 2.0 
Four-shock, variable ramp inlet; based on data from MR inlet tests of ie mdel  
Fixed-Geometry, single cone lnlet; based on analytical design for a Mo = 1.6 VTOL 
Three-Shock, half-round inlet with variablediameter centerbody; analytical design for a 
supersonic Navy VTOL configuration 
Three-shock, half-round inlet with variable second cone angle; GD tailor-mate tests 
Mixed-compression; analyticdl design documented in AFFDL-TR-72-147-vol IV 
Mixed compression; based on XB-70 type configuration and data 
Mixed compression; based on NASA AMES configuration and tests of a mach 3.5, 2-D inlet 
Mixed compression axisymmetric; based on a Boeing analytical study of an AST 
inlet for NASA AMES 
Mixed compression axisymmetric; based on data from NASA AMES tests of M, = 3.0 inlet 
Mixed compression axisymmetric; brad on results of Boaing analytical studies for a 
NASA AMES mach 3.5 inlet 
Mixed compressim 2-D; based on resvlts sf Boein~~~ockwel l  studies for a SST inlet 
Figure 18 Sources of Data for Inlet Maps 
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2.3.1.2.1 PITOT INLET ANALYSIS METHOD 
The i n p u t s  r e q u i r e d  f o r  t h i s  method are descr ibed i n  t h e  users  manual, 
sec t i on  3.2.4.4. 
I n l e t  cap tu re  area may e i t h e r  be inpu ted  o r  c a l c u l a t e d  f o r  any f l i g h t  
cond i t i on .  If captu re  area i s  no t  i npu t ,  t h e  f l i g h t  c o n d i t i o n  i n p u t s  a re  
r u n  th rough  NNEP t o  determine the  \.,lgine demand connected a i r f l o w ,  
' C O R ~ *  The i n l e t  recovery  used f o r  t h i s  f i r s t  pass through NNEP 
i s  a  use r  i n p u t  (see users manual, s e c t i o n  3.2.1.1). 
Using t h e  inpu ted  maximum e f f e c t i v e  t h r o a t  mach number, MT 
E F F ~ ~ ~  ' 
t h e  f o l l o w i n g  procedure determines t h e  maximum Mach number a t  t h e  i n l e t  
entrance, MAC : 
MAX 
[1.'.2(n, f13 
(see f i g u r e  19.) A ~ / A *  = E F F ~ ~ ~  1. 728MT 
E F F ~ ~ ~  
F igu re  20 i s  r e q u i r e d  t o  determine t h e  maximum geometr ic t h r o a t  Mach 
number, MT as a  f u n c t i o n  o f  MT , l i p  b lun tness  r a t i o  ( r / ~ ) ,  
E o ~ ~ ~  
and f l i g h t  Mach number (M). E F F ~ ~ ~  
The r a t i o  o f  e f f e c t i v e  t h r o a t  area t o  geonietr ic t h r o a t  area, A 
TEFF~*TGE~ 
i s  determined u s i n g  the  equa t ion  f o r  t h e  i s e n t r o p i c  area r a t i o  ( f i g u r e  1 9 ) :  
A  s i m p l i f y i n g  assumption i s  made t h a t  t he  pressure recovery  f r om  the  
i n l e t  h i l i t e  t o  t h e  i n l e t  t h roa t ,  P / P  , equalsA /A .This 
T~ T~~ T~~~ T~~~ 
assumption i s  5ased on t h e  f o l l o w j n g  r a t i o n a l e :  
- -  is. .- -. i -raw.-.. 1 Y ' 7 ~ ~ ~ w ~ ~ ~ ~ ~ . . T *  (ilT9T::m-Fn:ell%7 "-Vi.?. ;=I-+I " , '-="% . " \, "-1qy !~ry~:T,m,>.W~I1~I '1"e557+Tr; -  X-""t?rr-. 
- -. -.---Y*.s-IX!a111jQY ujQY ... . . ..-. ,...- , ' 
Fiwn 19 : ISENTROPIC AREA RATIO 

I f  AI=A2 b u t  t h e r e  i s  a  l oss  i n  t o t a l  p ressure  between p o i n t  1  and 2, 
t h e n  t he  Mach number a t  p o i n t  2 w i l l  be h igher  than  t h a t  a t  p o i n t  1, 
because o f  t h e  e f f e c t i v e  r e d u c t i o n  i n  area r a t i o ,    RIA*)^ , s ince  ( A * ) 2  has 
increased.  The p resen t  method assumes t h a t  t h e  r e d u c t i o n  i n  (A /A* )2  i s  
equ i va l en t  t o  t h a t  obta ined by reduc ing  A and keeping A*constant between 2 
p o i n t s  1  and 2. Thus, t he re  i s  a  d i r e c t  r e l a t i o n s h i p  between A2 
EFF 
and A which i s  r e l a t e d  t o  t h e  l i p  l oss .  Th is  r e l a t i o n s h i p  can be I 
expressed as: 
and s i  nce A = A 1  , and = 2 
i s  then  determined a t  t he  cap tu re  
M~~ MA 
area ( f i g u r e  19).  AC/A+ 
Next,  the e f f e c t i v e  t h r o a t  Mach number, P', , i s  determined. I f  t h e  
T~~~ 
f l i g h t  Mach number i s  supersonic,  t h e  Mach number behind and t h e  p ressure  
r ecove ry  across the  normal shock are determined us i ng  t h e  normal shock 
where M = f r e e  stream Mach number 
I f  M, ( f o r  supersonic  f l i g h t  cond i t i ons )  o r  ( f o r  subsonic f l i g h t  
L 
c o n d i t i o n s )  i s  g rea te r  than M then M ~ E F F  I . I f  M2 o r M  i s  
l e s s  than o r  equal t o  MAC t henM 
E F F ~ ~  
must be d e t e r ~ i n e d  through an 
MAX '.EFF 
i n t e r a t i o n .  The recovery  f r om  the  i n l e t  h i l i t e  t o  the  i n l e t  
t h r o a t ,  P 
' T P T A C  
i s  assumed t o  be .?95. The i s e n t r o p i c  area r a t i o  a t  
the in le t  h i l i t e  i s  deterniined 
AT/A* i s  then calculated from the isentropic area ra t io  at  the throat: 
P, 
1 
A ~ ~ l A *  PI- 
is then ca 1 cul ated using 'D 
The calculated recovery i s  then compared to the guessed recovery. I f  they 
d i f fe r ,  a  new assumed recovery i s  determined by averaging the old guessed 
value with the calculated value. When the guessed recovery equals the 
calculated recovery, the in le t  total  recovery i s  determined. 
The subsonic diffuser duct lors  coefficient,^ = PT/ql, i s  oblained from 
input data showing the variation of versus the effective throat Mach 
number. Figure 21 shows the data that i s  programmed; th i s  can be chanqed 
t o  s u i t  the application. E i s  then used to calculate the t o t a l  pressure 
recovery of the subsonic diffuser (see figure 2 2 ) .  
1 
( 1 + - 2  (MT 12 3.5 
EFF 
The overall total  pressure recovery i s  then calculated 
' A C  - where -- 1 for subsonic f l igh t .  P , 
(1) Ref: PG 117 
NA 68-655 
\/ol X 
(2) Subsonic Entrance 
Profile 
(3) Diffuser Uht = 9 
'(4) Thin Boundary Layer 
Firplre 21: DIFFUSER LOSS COEFFICIENT 
M I  
Figun22: SUBSONIC DIFFUSER LOSS FACTORS 
Us ing  f i g u r e  23 and t he  geometr ic t h r o a t  Mach number, t h e  geometr ic t h r o a t  
co r rec ted  a i r f  1 ow parameter w ~ ~ ~ / s T A T ~ ~ ~ ~  i s  determined. Likewise, 
t h e  e f f  e c t l v e  t h r o a t  co r rec ted  a i  rf 1 ow parameter w ~ G ~ / ~ ~ ~ A ~ , ,  i s  
determined as a f u n c t i o n  o f  t he  e f f e c t i v e  t h r o a t  Mach number. The 
e f f e c t i v e  t h r o a t  area, 
%FF 
, and t h e  geometr ic t h r o a t  area, A 
T~~~ ' 
are  determi ned from: 
Capture area i s  c a l c u l a t e d  from 
3 
The maximum a i r f l o w  t he  i n l e t  can pass, m MAX, i s  determined us ing  t he  
i npu ted  MT and t h e  c a l c u l a t e d  cap tu re  area, A . 
E F F ~ ~ ~  
C 
rn 
MAX 
where 
T = t h r o a t  t o t a l  temperature. 
T~ 
I n  t h i s  p i t o t  ana l ys i s  i t  i s  assumed t h a t  t h e r e  i s  no boundary l a y e r  
c o n t r o l  b l eed  system. The amount o f  bypassed a i r  w i l l  be determined 
th rough  an i t e r a t i v e  process t o  determine what s p l i t  between bypassed and 

s p i l l e d  a i r  y i e l d  minimum i n l e t  draq. T h i s  i t e r a t i v e  process w i l l  a l s o  
have an impact on i n l e t  p ressure  recovery .  
I f  i n l e t  cap tu re  area i s  i npu t ,  t he  i n l e t  r ecove ry  w i l l  be determined as a  
f unc t i on  o f  f l i g h t  speed. 
o  Lowspeed. MN 0.4 
o  Subsonic & Transor l ic  0.4 MN 1.0 
o  Supersonic MN 1.0 
Dur ing  lowspeed opera t ion ,  t h e  p r imary  t o t a l  p ressure  l o s s  gene ra t i ng  
mechanisms a re  sharp l i p  losses  and subsonic d i f f u s e r  losses.  Thc methods 
used t o  c a l c u l a t e  sharp l i p  losses  accounts f o r  l i p  bluntness, e f f e c t  o f  
t a k e o f f  dour area, and i n l e t  f l o w  v e l o c i t y .  The subsonic d i f f u s e r  losses  
a re  c a l c u l a t e d  by u s i n g  an i n p u t  v a r i a t i o n  o f  duc t  l oss  c o e f f i c i e n t ,  
€ , 
as a  f u n c t i o n  o f  i n l e t  t h r o a t  Mach number. The sharp l i p  losses  are 
combined w i t h  t h e  subsonic d i f f use r  losses  t o  o b t a i n  t he  o v e r a l l  i n l e t  
t o t a l  p ressure  recovery.  
The de te rm ina t i on  o f  t h e  i n l e t  pressure recovery  d u r i n g  lowspeed ope ra t i on  
i s  an i t e r a t i v e  process. I n i t i a l l y ,  b o t h  t h e  h i l i t e  t o  t h r o a t  
recovery ,  P ~ T / P ~ A C  , and t h e  t o t a l  i n l e t  recovery ,  p / p  are assumed t o  T2 To 
be  0.95. 
The r a t i o  o f  t h e  f r e e  stream tube  area o f  engine demand a i r  t o  t he  i n l e t  
cap tu re  area, A /A , i s  determined: 
0, c 
where A/A* = t h e  i s e n t r o p i c  area r a t i o  f o r  f r e e  stream cond i t i ons .  
The amount o f  bypass a i r  f o r  t h i s  i t e r a t i o n  i s  added t o  engine demand t o  
determine i n l e t  supply  ( ze ro  b leed  a i r ) :  
.. . --. . ; ;. -..., ;"*,. - ." ...,... ..-- .,;-. . ...,i..m ~....  -.. : ".r-5.i -.-.-a l r -.:: -i\:;.-...- ..=--; ' r " - u . T ; m ~ T x * ~ - - m w i i ~ ~  -?.- ,xi- i-T?'" 
I . .  ,. . *. . . .  . ..,. x u - -  . . , , . ., .A'. . 
A f t e r  d e t e r m i n i n g  t h e  c o r r e c t e d  a i r f l o w  parameter a t  t h e  t h r o a t  (wh ich  
i n c l u d e s  takeof f  door area, ATO) ,  t h e  MT i s  de te rm i  ned u s i  ng f i g u r e  
G EO 
23. F i g u r e  20 i s  r e q u i r e d  t o  de te rm ine  . The r e c o v e r y  f r o m  i n l e t  
' EFF 
h i l i t e  t o  i n l e t  t h r o a t  i s  de termined u s i n g  iq and M , 
T~ EO T~~~ 
T h i s  c a l c u l a t e d  r e c o v e r y  i s  compared t o  t h e  guessed recove ry .  I f  
d i f f e r e n t ,  a  new guess i s  determined b y  ave rag ing  t h e  o l d  guessed v a l u e  
w i t h  t h e  c a l c u l a t e d  va lue .  When t h e s e  va lues do agree, t h e  subsonic 
d i f f u s e r  d u c t  l o s s  c o e f f i c i e n t  E , i s  determined f r o m  f i g u r e  21 ( a s  
be fo re ,  t h i s  d a t a  may be changed t o  s u i t e  t h e  a p p l i c a t i o n ) .  Then 
P, 
The guessed t o t a l  p r e s u r e  r e c o v e r y  i s  compared to t h e  c a l c u l a t e d  value.  
If t h e  va lues do n o t  equa l ,  t h e  average o f  t h e s e  two determines t h e  new 
guessed t o t a l  p r e s s u r e  recove ry .  When convergence i s  reached t h e  maximum 
a i r f l o w  t h e  i n l e t  can pass a t  t h i s  f l i g h t  c o n d i t i o n  i s  determined 
u s i n g  p, and A as be fo re .  C 
T ~ F F ~ ~ ~  
The d e t e r m i n a t i o n  o f  i n l e t  p ressu re  r e c o v e r y  f o r  subson ic  and t r a r ~ s o n i c  
f l i g h t  speeds i s  i d e n t i c a l  t o  t h a t  o f  t h e  l o w s p e ~ d  method w i t h  t a k e o f f  
door a r e a  equa l  t o  zero. For  superson ic  f l i g h t  speeds, t h e  p ress t l rp  l o s s  
across  t h e  normal shock i s  accounted f o r .  
Bypass D r a g  
To c a l c u l a t e  t h e  drag o f  bypass a i r ,  i t  i s  necessary  t o  know t h e  aeometry 
and l o c a t i o n  o f  t h e  bypass e x i t  nozz le ,  t h e  amount of bypass a i r f l o w ,  and 
t h e  t o t a l  p r e s s u r e  r e c o v e r y  o f  bypass a i r  a t  t h e  n o z z l e  e x i t .  
The p r e s s u r e  r e c o v e r y  of t h e  bypass system i s  assumed t o  v a r y  l i n e a r l y  
f r o m  a v a l u e  o f  100% o f  i n l e t  r e c o v e r y  (bypasc doors  c l o s e d )  t o  70% o f  
i n l e t  r e c o v e r y  (bypass doors  f u l l y  open).  T h i s  i s  p o r t r a y e d  i n  f i g u r e  24. 
Figure.24 BYPASSAIRFLOW TOTAL PRESURERECOVERY 
Bypass drag i s  composed o f  two pa r t s :  momentum drag and f l a p  ( o r  e x i t )  
drag. Momentum drag depends on t he  e x i t  angle and t o t a l  p ressure  recovery  
o f  t h e  d ischarged a i r ,  t ype  o f  nozz le  through which t he  a i r  i s  e x i t e d  and 
f ree-s t ream Mach number. F l ap  drag depends on door angle, door aspect 
r a t i o  and f ree-s t ream Mach number. 
Momentum Drag 
For a convergent bypass nozzle,  a choked f low c o n d i t i o n  must be checked 
f o r .  The minimum f r e e  stream Mach number, 
%IN , a t  which t he  a v a i l a b l e  -. . 
t o t a l  p ressure  recovery  o f  t he  bypassed a i r ,  P, / p _  , w i l l  he ab le  t o  
'EI '0 
choke t h e  bypass nozz le  i s  determined by: 
'0 
Fo r  a choked convergent bypass nozzle, b o t h  t h e  e x i t  Mach number and t he  
e x i t  s t a t i c  p ressure  r a t i o  are 1. I t ' s  t h r o a t  area, & , i s :  
F o r  an unchoked convergent bypass nozzle, t h e  e x i t  Mach number, ME , i s  
determi  ned bv: 
where : 
I t s  t h r o a t  area, A , i s :  
T ~ o ~  * ~ B y p  
- 
- *c 
A~ 
A ~ ~ o ~  (A /A* )  P~
A~ E / ~  
To 
where (*. /A*) = the  i s e n t r o p i c  area r a t i o  a t  t he  bypass nozz le  e x i t .  E 
I t ' s  throe-area,~ , i s :  H~ = -- 
T~~ A T ~ ~  (A /A* )  
To 
Us ing  t h e  i s e n t r o p i c  arpa r a t i o  a t  t h e  bypass nozz le  e x i t ,  ( A / A * ) ~  , t h e  
nozz le  e x i t  area i s  determined 
- 
- nTcD ( A j A * I E  
The f l a p  d rag  r o u t i n e  must be c a l l e d  t o  determine t h e  nozz le  e x i t  f l a p  
angle.  
F l a p  Drag 
F l a p  drag i s  c a l c u l a t e d  by  i n t e g r a t i n g  t h e  p r e d i c t e d  p ressure  c o e f f i c i e n t s  
a c t i n g  on t h e  e x i t  doors i n  t h e  f l i g h t  d i r e c t i o n .  To accompl ish t h i s ,  
t a b l e s  o f  averase p ressure  c o e f f i c i e n t s  f o r  doors o f  va r i ous  aspect r a t i o s  
(W/h) f r om  .75 t o  4.0 are used as i n p u t  da ta  t o  o b t a i n  t h e  p ressure  
. 7- ,T--"v .,,. - "., . , "-. 'r --,* - *. --*-Pa % "  " - -'"-*- - A.. Y " 9  4 * -- - -.,.---- "..v,r7.;-*~m-9.,-~~r~r~- * .- -7n"" 7-, . " *.-"-$ , m *  
--. ",h.,-q .,<,-.,T F." " ,,Ly,*r &., 
~ S : * ~ ~ d 4 ~ . w ' " * l P  + . " t P ~ ~ + ~  -=,-r-.+ *- - +&YL;- 71r"r-l--.(n lry -;r -,, rrL - T- LL * , ..- . < . ' ..=- -= , " . \ " . . "r. . 
F o r  a  convergen t -d ive rgen t  bypass nozzle,  a  t e s t  i s  f i r s t  performed t o  
determine whether t h e  nozz le  t l i r o a t  i s  choked. As i n  t h e  case o f  the  k 
convergent nozz le  cal  cul atinn, i s  c a l c u l a t e d  and compared w i t h  t h e  
f r e e  stream F:ach number. I f  t h e  ; iozzle t h r o a t  i s  determined t o  be 
unchoked, excess ive  drag w i l l  r e s u l t  and t h e  c o n f i g u r a t i o n  should  be 
re-exami ned. If t h i s  happens, t h e  computer program te rmina tes  t h i s  case 
1 
% 
3 9 
and proceeds t o  t h e  nex t  case. 
- 8  1 
4 
F o r  a  choked convergent -d ivergent  bypass nozzle, t h e  e x i t  Mach number, i s  '$ i 
'1 
determi  ned by: , 1 
.! 
;I ;t 
r. 
- 
:'j 
'1 
,I 
j j 
d 
i 
I 4 
b 
.; 
,i 
f 
3 
8 
L 
d 
E 
*d 
;t 
J 
c o e f f i c i e n t s .  These t a b l e s  can he found i n  f i g u r c  25. A c o r r e c t f c n  i s  
used t o  account f o r  t h e  f a c t  t h a t  t h e  doors are  u s u a l l y  o p e r a t i n g  i n  r: 
r e a i o n  of  t u r b u l e n t  boundary 1  ayer.  
For a  convergent  bypass nozzle,  t h e  r a t i o  o f  n o z z l e  e x i t  area t o  i n l e t  
c a p t u r e  area, A / A  , i s  determined by: E C 
where:N = number of bypassed nozz les  B D 
C~~~~ 
= f l o w  c o e f f i c i e n t  (0.95) 
Fo r  a c ~ i l v e r g e n t - d i v e r g e n t  bypass nozz le ,  t h e  r a t i o  of n o z z l e  e x i t  area t o  
i n l e t  c a p t u r e  area, AE /AC , i s  determined h y  
The n o z z l e  door f l a p  angle,B i s  determined f rom: 
F L ~ ~ ~  
8 -1 A ~ ' A ~  = t a n  ---- 
wh F L ~ ~ ~  A ~ 
where F 
W = Bypass door w i d t h  
h = Bypass door h e i g h t  
Us ing  8 and t h e  f r e e  s t ream Mach number, t h e  e f f e c t i v e  n o z z l e  door 
F L ~ ~ ~  
f l a p  angle,  0 , i s  ob ta ined  from f i g u r e  26. T h i s  p l o t  shows what 
F L ~ ~ ~  
e f f e c t  t u r b u l e n t  boundary l a y e r  has on n o z z l e  door f l a p  angle. 
The w e r a g e  p ressure  c o e f f i c i e n t ,  C p  , over  t h e  s u r f a c e  o f  t h e  n o z z l e  
door  f l a p  i s  o b t a i n e d  from f i g u r e  25 as a  f u n c t i o n  o f  8 , f r c e s t r c a m  
F L ~ ~ ~  
Mach number and AR(W/h). W i t h  Cp, t h e  f l a p  d rag  c o e f f i c i e n t  c i s  
D~~ P 
c a l c u l a t e d  by:  c = c,  SIN(^ 
'FLP F L ~ ~ ~  ) *FL N~  
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Knowing t h e  n o z z l e  door  f l a p  ang le  t h e  momentum drag can be c a l c u l a t e d  as 
D a  f r a c t i o n  of t h e  f rees t ream momentum o f  t h e  bypassed a i r ,  - 
Wa "0 
-
5' 
F o r  a  choked convergent  bypass nozz le :  
F o r  an unchoked convergent  bypass nozz 1  e: 
' 0  
F o r  a choked convergent  d i v e r g e n t  bypass nozz le :  
C o n v e r t i n g  t h i s  i n t o  a  momentum d rag  c o e f f i c i e n t :  
'TO. 
The t o t a l  bypass d rag  i s  t h e  summation o f  f l a p  and momentum drag: 
S p i l l a g e  Drag  
S p i l l a g e  drag i s  c a l c u l a t e d  f r o m  t h e  f c l l o w i n g  equa t ion :  
I t  i s  d e f i n e d  as t h e  inc rementa l  change i n  t o t a l  a i r p l a n e  d rag  due t o  
s p i l l i n g  excess a i r  ahead o f  t h e  i n l e t .  However, i t  i s  u s u a l l y  measured 
as an increment  ( A C ) f r o m  t h e  drag l e v e l  o b t a i n e d  f o r  t h e  f u l l  
D s ~ ~  
a i r p l a n e  c o n f i g u r a t i o n  w i t h  t h e  i n l e t  ope ra t i on  a t  a  b a s e l i n e  mass f low 
r a t i o .  When t h e  i n l e t  i s  ope ra t i ng  a t  t h i s  base l i ne  mass f l o w  r a t i o ,  
t h e  A C i s  zero. The s p i l l a g e  drag a t  t h e  base l i ne  mass f l o w  r a t i o  i s  
OSPL 
i n c l u d e d  i n  t h e  a i r p l a n e  aerodynamic drag. The base l i ne  mass f l o w  r a t i o  
i s  s p e c i f i e d  f o r  each i n l e t  c o n f i g u r a t i o n  as a  f u n c t i o n  o f  f rees t ream Mach 
number. I t  i s  norma l l y  se l ec ted  a t  mass f l o w  r a t i o s  where s p i l l a g e  
e f f e c t s  w i l l  be  a  minimum, f o r  r e a l i s t i c  ope ra t i ng  a i r f l o w  cond i t i ons .  
T h i s  base l i ne  mass f l o w  i s  norma l l y  taken t o  be c r i t i c a l  mass f l o w  r a t i o .  
A t  supersonic  speeds, c r i t i c a l  i n l e t  ope ra t i on  means t h a t  t he  normal shock 
i s  a t  o r  i n s i d e  t h e  cowl l i p .  For subsonic and detached shock wave 
cond i t i ons ,  t h e  i n l e t  captured stream t u  I area, A o ,  i s  equal t o  t he  
p h y s i c a l  f l o w  area a t  t h e  cowl. The es tab l i shment  o f  the  base l i ne  mass 
f l o w  r a t i o  as descr ibed p rov ides  a  bas is  f o r  account ing o f  aero and 
p r o p u l s i o n  f o r c e s .  The th ro t t l e -dependen t  drag i s  thus  i nc l uded  i n  t he  
s p i l l a g e  drag (which i s  accounted f o r  i n  i n s t a l l e d  ne t  t h r u s t )  and t he  
drags t h a t  a re  independent o f  t h r o t t l e  s e t t i n g  are i nc l uded  i n  t h e  
aerodynamic d rag  o f  t he  a i r p l ane .  
C i s  t h e  t h e o r e t i c a l  a d d i t i v e  drag o f  t he  i n l e t .  I t  i s  coriiputed by 
D ~ ~ 3  
seve ra l  d i f f e r e n t  methods, depending on t h e  c o n f i g u r a t i o n  o f  t h e  i n l e t ,  
f rees t ream Mach number, and shock geometry. The a d d i t i v e  drag o f  an 
open-nose i n l e t  i s  c a l c u l a t e d  as shown i n  f i g u r e  27. Th i s  equa t ion  can be 
used f o r  bo th  subsonic Mach numbers and supersonic Mach numbers where 
normal shock i s  s tand ing  ahead o f  t h e  i n l e t .  
The t h e o r e t i c a l  a d d i t i v e  drag i s  m u l t i p l i e d  by a  c o r r e c t i o n   factor,^ ADD ' 
based on exper imenta l  data, t o  account f o r  t h e  c o n f i g u r a t i o n  e f f e c t s .  
These e f f e c t s  i n c l u d e  t h e  e f f e c t  o f  cowl l i p  shape b luntness.  These 
f a c t o r s  are ob ta ined  by  comparing expe r imen ta l l y  measured drag v a r i a t i o n  
as a  f u n c t i o n  o f  i n l e t  mass f l o w  r a t i o  w i t h  t h e  t h e o r e t i c a l l v  c a l c u l a t e d  
drag v a r i a t i o n .  A c a t a l o g  o f  K f a c t o r s  t o  be used i s  presented i n  ADD 
f i g u r e s  28-32. 
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program w i l l  c a l c u l a t e  i n l e t  h a l f  angle. L i k e  t h e  :uhsonic designed 
i n l e t ,  t h e  i n l e t  ent rance contour  f rom the  h i l i t e  t o  t h r o a t  i s  cons idered 
a  q u a r t e r  e l l i p s e  and r e q u i r e s  an i n p u t  o f  t he  r a t i o  o f  t he  major t o  c i inor 
axes of t h i s  e l l i p s e .  A d d i t i o n a l  ou tpu t  w i l l  i n c l u d e  cap tu re  area, t h r o a t  
area, hub t o  t i p  r a t i o ,  engine face  area, and i n l e t  wet ted area. 
2.3.1.2.3 NAVAL WEAPONS CENTER INLET DESIGN AND ANALYSIS PROGRAM 
McDonnell A i r c r a f t  Companay (MCAIR) completed a  program f o r  t h e  Naval 
Weapons Center under Con t rac t  No. N00123-72-C-0335 t o  automate procedures 
f o r  t he  des ign and ana l ys i s  of f i x e d  geometry two-dimensional  and 
axisymmetr ic i n l e t s  ope ra t i ng  i n  t h e  supersonic  f l i g h t  regime t o  
approx imate ly  Mach 5. 
Program op t i ons  are p rov ided  t o  des ign i n l e t s  o r  t o  analyze an es tab l i shed  
i n l e t  des ign and d e f i n e  t h e  performance. The des ign op t i ons  de f ine  t he  
con tours  of t h e  e x t e r n a l  compression su r f ace  a t  t h e  i n l e t  des ign Mach 
number. The a n a l y s i s  op t i ons  d e f i n e  t h e  i n ? ? t  performance i n  terms of 
a i r f l ow ,  p ressure  recovery,  and drag. 
Two-Dimensional I n l e t s  
The a n a l y s i s  and des ign procedures f o r  two-dimensional  i n l e t s  are 
a p p l i c a b l e  t o  i n l e t s  w i t h  ex te rna l  compression su r f ac -  cornposed of 1, 2, 
o r  3  ramps o r  an i s e n t r o p i c  wedge. For  o f f - des ign  ana l ys i s  o f  i s e n t r o p i c  
wedge i n l e t s  t h e  e x t e r n a l  compression sur face  i s  approximated hy a  3 ramp 
c o n f i g u r a t i o n .  
The i n l e t  des ign op t i ons  p rov i de  f o r  t h e  des ign o f  t h e  exi.erna1 
co~npress ion su r f ace  f o r  a  s i ven  i n p u t  des ign Mach number, wave f oca l  
po i n t ,  cowl l i p  l oca t i on ,  and cap tu re  he igh t .  I n l e t  designs w i t h  two 
ramps, t h r e e  ramps, o r  an i s e n t r o p i c  wedge con tour  may be generated. 
A d d i t i o n a l l y ,  t h e  design o p t i o n  may be fo l lowed by an ana l ys i s  op t ion ,  i n  
which case t h e  e x t e r n a l  compression surface w i l l  be designed and t he  
r e s u l t i n g  i n l e t  analyzed over  i n p u t  Mach number and angle o f  a t t ack  ranges. 
The i n l e t  a n a l y s i s  op t i ons  p rov i de  f o r  t h e  a n a l y s i s  of a g iven  i n l e t  over 
i n p u t  Mach number and angle-of -a t tack ranges. The i n l e t  geometry 
d e s c r i p t i o n s  r e q u i r e s  t h e  d e f i n i t i o n  o f  t h e  e x t e r n a l  compression sur face 
t oge the r  k i t h  t h e  d i f f u s e r  duct.  The duc t  c o n f i g u r a t i o n s  toge ther  w i t h  
t h e  range o f  normal shock p o s i t i o n s  which can be analyzed are:  
Ouct Configurztion Normal Shock Position 
I No Duct I Normal shock at or forward of cowl I 
lip 
Diverging Duct (Critical and subcritical inlet 
operat ion) 
Converging- Normal shock forward of cowl lip or 
Diverging Duct aft of inlet throat 
(Critical, subcritical and 
supercritical inlet operation) 
The inlet analysis procedure is composed of the following steps: 
1. External compression surface flow field i s  defined. 
2. Inlet airflow, drag and recovery are computed for critical inlet 
operation 
3.  Supercritical inlet operation is analyzed for a converging-diverging 
duct if no more than one shock originating on the external 
compression surface is ingested. 
The available computed parameters are summarized below: 
Type 
I n l e t  
S i d e s p i  11 
S p i l l  due t o  s i d e w a l l  
c o n t r a c t i o n  
B leed  and bypass. 
I n l e t  a d d i t i v e  ( e m p i r i c a l  d a t a  used 
f o r  t r a n s o n i c  mach numbers) 
S i d e s p i  11 
S p i l l  due t o  s i d e w a l l  
c o n t r a c t i o n  
B l s e d  and bypass 
Cowl 1  i p  and wave 
S i d e p l a t e  1  i p  and wave 
Boundary l a y e r  d i v e r t e r  
Cowl l i p  
S i d e p l a t e  l i p  
Duct  w a l l  I 
O b l i q u e  shock 
Te rm ina l  normal shock 
Subsonic d i f f u s e r  
A x i s j m e t r i c  I n l e t s  
The a x i s m e t r i c  i n l e t  ana l ys i s  and des ign procedures are d i v i d e d  i n t o  two 
programs, one app l i cab le  t o  i n l e t s  w i t h  e x t e r n a l  compression sur faces 
composed of 1, 2, o r  3 cones, and one f o r  i n l e t s  w i t h  an i s e n t r o p i c  sp i ke  
e x t e r n a l  co;;lpression s u r f  ace. 
The c a p a b i l i t y  and s t r u c t u r e  o f  Program AX100 used f o r  design and ana l ys i s  
o f  mu l t i - cone  i n l e t s ,  are discussed below. 
The i n l e t  des ign o p t i o n  prov ides f o r  t h e  des ign o f  t he  ex te rna l  compresson 
su r f ace  f o r  a  g iven  i n p u t  design Mach number, wave f o c a l  po in t ,  and cowl 
l i p  l o c a t i o n .  I n l e t  designs w i t h  two o r  t h r e e  cones may be generated and 
may be combined w i t h  t h e  ana l ys i s  o p t i o n  t o  p rov ide  performance over a  
range of Mach numbers. The design o p t i o n  w i l l  n o t  accomodate t he  
converg ing-d iverg ing  (C-D) duct as an o p t i o n  b u t  t h e  pet-formance of C-D 
duc t s  may be ob ta ined  w i t h  a  subsequent ana lys is .  
The i n l e t  a n a l y s i s  op t i ons  p rov ide  f o r  t h e  ana l ys i s  of a  g iven  1, 2 o r  3 
cone i n l e t  over  a  range of Mach numbers. The i n l e t  geometry d e s c r i p t i o n  
r e q u i r e s  t h e  d e f i n i t i o n  o f  t h e  ex te rna l  compression sur face  toge ther  w i t h  
t h e  duct.  The ana l ys i s  o p t i o n  i s  t he  o n l y  o p t i o n  which w i l l  g i v e  
performance f o r  a  converg ing-d iverg ing  duct  case. The duct c o n f i g u r a t i o n s  
t oge the r  w i t h  t h e  range o f  normal shock p o s i t i o n s  which can be analyzed 
are:  
1 I Duct Con f i gu ra t i on  I Normal Shock P o s i t i o n  I 
No Duct 
D i ve rg ing  Duct 
(Subsonic D i f f u s e r )  
Normal shock a t  cowl 1  i p  ( C r i t i c a l  
opera t  i o n )  
C?nvci-.ging-Diverging Duct Normal shock a t  cowl l i p  o r  a f t  
(Supersoni  c/Subsonic of i n l e t  t h r o a t  
( D i f f u s e r )  ( C r i t i c a l  and s u p e r c r i t  i c a l  
ope ra t i on )  
The i n l e t  a n a l y s i s  procedure i s  composed o f  t h e  f o l l o w i n g  steps: 
1. Ex te rna l  compression sur face  f l o w  f i e l d  i s  de f ined .  
2. I n l e t  a i r f l ow ,  drag, and p ressure  recovery  a re  computed f o r  c r i t i c a l  
i n l e t  o p e r a t i o n  u s i n g  t h e  mass averaged p r o p e r t i e s  a t  t h e  i n l e t  cowl 
l i p  plane. 
3. La:percri t c a l  i n l e t  ope ra t i on  i s  analyzed f o r  a  converg ing d i v e r g i n g  
duc t  i f  no more than one shock o r i g i n a t i n g  on t h e  e x t e r n a l  compression 
su r f  ace i s  ingested.  
The ava i  1  ab le  computed parameters a re  summarized below: 
Parameter TYPE 
A i r f l o w  I n l e t  
Bleed 
I n l e t  a d d i t i v e  
B leed and bypass 
Drag Cowl l i p  and wave 
Boundary l a y e r  d i v e r t e r  
Obl ique shock - c o n i c a l  and p l ana r  
~ -. 
T o t a l  p ressure  recovery  Terminal normal shock 
Subsonic d i f f u s e r  
I s e n t r o p i c  Spike I n l e t s  
The c a p a b i l  i t y  and s t r u c t u r e  o f  Program SPKOO used For  des ign and a n a l y s i s  
o f  i s e n t r o p i c  s p i k e  i n l e t s ,  a re  duscussed below. 
The i n l e t  des ign o p t i o n  p rov ides  f o r  t h e  design o f  an i s e n t r o p i c  sp i ke  
e x t e r n a l  compression su r f ace  f o r  a  g iven  i n p u t  des ign Mach number, 
i sen t rop i c  tu rn ing ,  wave foca l  po in t ,  and cowl l i p  l oca t i on .  The design 
o p t i o n  may be combined w i t h  the  analys is  op t i on  t o  prov ide performance 
over a  range o f  Mach numbers. 
Ihe i n l e t  ana lys is  op t i on  provides f o r  the analys is  o f  a  given i n l e t  over 
a  range of Mach numbers. The i n l e t  geometry d e s c r i p t i o n  requ i res  the 
d e f i n i t i o n  o f  t he  ex terna l  compression surface and the duct. The duct 
conf igura t ions  together  w i t h  t h e  range o f  normal shock p o s i t i o n s  which can 
be analyzed are: 
Duct Conf igurat ion Normal Shock P o s i t i o n  
- 
No duct Normal shock a t  cowl 1  i p  
Diverg ing Duct ( C r i t i c a l  operat i o n )  
(Subsonic D i f f u s e r )  
Converging-Subsonic Duct Normal shock a t  cowl l i p  or  
(Superson ic/Subson i c  a f t  o f  i n l e t  t h r o a t  
D i f f u s e r )  ( C r i t i c a l  and s u p e r c r i t  i c a l  
opera t ion)  
r 1 
The i n l e t  ana lys is  procedure i s  composed o f  the f o l l o w i n g  steps: 
1. External  compression surface f l o w  f i e l d  i s  def ined. 
2. I t q l e t  a i r f l o w ,  drag, and pressure recovery are computed f o r  c r i t i c a l  
i n l e t  operat ion, us ing the  mass averaged proper't ies a t  t h e  i n l e t  cowl 
l i p  plane. 
3 .  S u p e r c r i t i c a l  i n l e t  operat ion i s  analyzed f o r  a  converging-diverging 
duct i f  the  bow shock i s  not  iogested. 
The a v a i l a b l e  computer parameters are summarized below: 
-, 
I .- 
Parameter 
--- 
A i  rf 1 ow I n l e t ,  bleed, and bypass 
I n l e t  a d d i t i v e  
B leed and bypass 
- 
Drag Cowl l i p  and waver 
Boundary 1 ayer d i  v e r t e r  
Bow shock 
To ta l  Pressure Recovery Normal shock 
Subsonic d i f f u s e r  
NOZZLE PERFORMANCE ESTIMATION 
The purpose o f  t h e  nozz le /a f tbody drag and C,: i n p u t  da ta  and 
G 
c a l c u l a t i o n  subprograms i s  t o  c a l c u l a t e  nozz le  i n t e r n a l  l osses  
( A CF ) and nozz le /a f tbody drag. 
G 
The PIPSI program of Reference 3, i s  o n l y  programmed t o  handle  engine 
c o n f i g u r a t i o n s  which have one common nozz le :  
o t u r b o j e t  
o mixed f l o w  t u rbo fan  
Since i t  i s  an overwhelming task t o  develop procedures t o  handle the  
numerous p o s s i b i l i t i e s  o f  nozz le  c o n f i g u r a t i o n s  t h a t  NNEP i s  capable o f  
process ing,  methods were developed t o  address these s tandard 
c o n f i g u r a t i o n s  i n  a d d i t i o n  t o  t h e  common nozz le  con f i gu ra t i on :  
o S p l i t  stream tu rbo fan  
o Shor t  fan duct 
o Coplanar nozz le  e x i t s  
For  a  sho r t  f a n  ducted turbofan,  t h e  user must use t h e  &D i n p u t s  of NNEP 
t o  i n p u t  t h e  CF f o r  each stream. For complete i n s t a l l a t i o n  losses, 
G 
t h e  C i n p u t  f o r  t h e  fan stream must amoun t  f o r  scrubbing :asses 
G 
altn.7 t h e  p r ima ry  cowl ing.  For  a  cop lanar  nozz le  con f i c ju ra l ion ,  an 
ax isymmetr ic  nozz le  from the  c o n f i g u r a t i o n  map l i b r a r y  cou ld  be used f o r  
a f t b o d y  drag c a l c u l a t i o n s .  The f a n  stream and p r ima ry  stream nozz le  e x i t  
areas are added w h i l e  t h e  nozz le  pressure r a t i o s  are mass weighed t o  g i v e  
an e q u i v a l e n t  nozz le  e x i t  area and an e q u i v a l e n t  nozz le  p ressure  r a t i o .  
AgEFF = AgPRl + SEC 
2.3.2.1 NOZZLE/AFTBODY PERFORMANCE MAP LIBRARY 
As was the  case f o r  t h e  i n l e t  maps, t he  purpose of t h e  l i b r a r y  o f  
nozz le /a f tbody  maps i s  t o  p rov i de  a r e a d i l y - a v a i l a b l e  source of nozz le  
performance c h a r a c t e r i s t i c s  u t i l i z e d  by t h e  i n s t a l l a t i o n  computer 
program. Th i s  performance data i s  s to red  on permanent f i l e s  f o r  name l i s t  
r e t r i e v a l .  The nozz le la f tbody  con f i gu ra t i ons  i nc l ude :  axisymmetr ic 
convergen t -d ive rgen t  nozzles,  ( s i n g l e  and t w i n ) ,  two-dimensional  
convergen t -d ive rgen t  nozz les ( s i n g l e  and t w i n ) ,  a x i  symmetric p l u g  nozz les 
( s i n g l e  and t w i n ) ,  two-dimensional wedge nozz les  ( s i n g l e  and t w i n )  and t h e  
ADEN nozzle.  Convergent nozz les are i nc l uded  as spec ia l  cases i n  t h e  
convergen t -d ive rgen t  axisymmetr ic nozz le  database. The corresponding 
C t a b l e  has a  A /A = 1  curve. The nozz le /a f tbody  f i l e s  t h a t  
G g  8 
are a v a i l a b l e  a re  shown i n  F i gu re  36. These f i l e s  and t h e  con f i gu ra t i ons  
t h a t  a r e  represented i n  t h e  l i b r a r y  of i n l e t  and nozz le /a f tbody  maps are 
descr ibed  i n  d e t a i l  i n  Volume 111. 
CONVERGENT- 
Figure 36. &,. .,'ix of Nozzle/A ffbody Maps 
7 9 
2.3.2.2 NOZZLE/AFTBODY DRAG 
The nozzlelaftbody drag (see Figure 37) is computed using performance maps 
which represent the aftbody drag characteristics, C , for a fully 
expanded nozzle as a function of the ratio of maximum cross sectional area 
to nozzle exit area (AIO/AI)) and free-stream Mach number (Mo). 
The definition of the nozzle aftbody drag coefficient, C , is 
D ~ / ~  
defined differently for 2D and axisymmetric nozzles. 
AXI: 
In the long form output C for 2D nozzles will be redefined in the 
D ~ ! ~  
form of the axisymmetri~ nozzles. 
The nozzle/aftbody drag maps include throttle-dependent drag (that part of 
the nozzle/aftbody drag attributed to the propulsion system) and 
aerodynamic drag (that part of the nozzle/aftbody drag attributed to the 
airplane drag polar). To determine this drag split a reference condition 
must be established. The nozzle/aftbody drag increment to be included in 
propulsion system installed net thrust will be defined as zero when the 
nozzle is at a prescribed geometry ( A g  reference) and operating at a 
nozzle static pressure ratio, P /P equal to 1.0 (fully-expanded). 9 0' 
The nozzlelaftbody drag at this condition will be included in the 
aerodymanic drag. Incremental changes in nozzle aftbody drag due to 
changes in nozzle/aftbody geometry and/or nozzle static pressure ratio 
different from this condition will be included as propulsion system drag. 
This reference condition is illustrated in Figure 38 for a typical set of 
nozz le/aftbody drag data. 
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Figure 37 Data Format for Nozzle/A ftbody Drag Maps. 
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, FULLY - EXPANDED 
DRAG MAP 
CRUISE 
CORRECTION FOR 
NOZZLE EXIT STATIC 
PRESSURE RATIO 
EFFECTS 
I NT. 
MIN. A 1 B 
AIO/A9 = MAX. A I B  
m 
a 
n 
O 
Figure 38 Calculation Procedure for Effects of Nozzle 
S ta t ic  Pressure Ratio on Drag 
- 
4 
"9 1 Po 
- 
A procedure has been programed that accounts for  effects  of varying 
nozzle ex i t  s t a t i c  pressure rat io .  This procedure determines an 
incremental drag coefficient,  AC , t o  be added to the 
D~~ 
fu l  ly-expanded nozzle/af tbody drag coefficient.  The incremental drag 
coefficient i s  a  function of nozzle exi t  s t a t i c  pressure ra t io  
( P 9 / P o )  and free-stream Mach number, Mo, and i s  available for a  
range of nozzlelaftbody area rat ios  ( A I O / A g )  from max A / B  to subsonic 
cruise. 
The incremental drag coefficient maps allow the user to  input the pressure 
ra t io  e f fec ts  data i f  i t  i s  available. If the user does not have such 
data available, a  se t  of dummy maps are used tha t  sets  A C = 0 
D~~ 
f o r  a l l  P9/Po, Mo, and AIO/AT A three-dimensional table 
look-up procedure i s  used to obtain the C values during the 
D~~ 
program operation. A maximum of four maps are used representing different 
nozz lelaftbody area r a t i  0s. The nozz lelaftbody drag procedure i s  
i l lus t ra ted  in Figure 39. 

2.3.2.3 NOZZLE GROSS THRUST COEFF I C  SENT 
The d i f fe rences  i n  t h e  gross t h r u s t  c o e f f i c i e n t  map formats f o r  
axisymmetric and 2-D nozzles are shown i n  F igure  40. A x i s . m e t r i c  nozz le 
C ' s  are presented as a  f u n c t i o n  of nozz le t o t a l  pressure r a t i o  
G 
(PT9/PAMB) and nozz le  area r a t i o  (A9/A8) F igu re  40a. Two 
types o f  nozz le gross t h r u s t  c o e f f i c i e n t  maps are used f o r  2-D nozzles: 
C = f ( P  /P , PS) 
F~ T~ T~~~ 
where PS = power s e t t i n g .  
To u t i l i z e  e i t h e r  t y p e  o f  2D nozz le  map, a  &D i n p u t  o f  t he  maximum (AJMAX) 
and minimum (AJMIN) nozzle e x i t  areas encountered i n  a  p rescr ibed 
mach/a i t i tude  p iacard  i s  needed. When us ing  the  f i r s t  t ype  o f  map ( f i g u r e  
40b) t he  nozzle t h r o a t  area experienced a t  a  c e r t a i n  f l i g h t  c o n d i t i o n  w i  11 
be used t o  i n t e r p o l a t e  between AJMAX and AJMIN. For t h e  second t ype  o f  
C map ( f i g u r e  40c), a  d e f i n i t i o n  o f  power s e t t i n g  compatible w i t h  
G 
NNEP must be made: 
AJMRX-AREA P S = 2 - -  AJMAX-AJMIN 
A maximum a f t e r b u r n i n g  f l i g h t  cond i t i on  i s  equ iva len t  t o  a  power s e t t i n g  
o f  2; a  maximum d r y  f l i g h t  c o n d i t i o n  i s  equ iva len t  t o  a power s e t t i n g  o f  
1. During an a f te rbu rn ing  f l i g h t  condi t ion,  values f o r  both AJMAX 
( A8max ) and AJMIN A8m-in) must be input .  If the  ca l cu la ted  power 
s e t t i n g  f a l l s  between 2 and 1, the  CF would be an i n t e r p o l a t e d  
G 
value. The power s e t t i n g  would be se t  t o  1 i f  t h e  ca l cu la ted  power 
s e t t i n g  f a l l s  below 1. During a d r y  f l i g h t  cond i t ion ,  AJMAX o r  AJMIN must 
be set  t o  zero; power s e t t i n g  w i l l  be se t  equ iva len t  t o  1. 
AXISYMMEBAIC NOZZLE 
PT* 1 Po 
2 -  D NOZZLE 
2- D NOZZLE 
Figure 40 Nozzle Gross Thrust Coefficients 
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2 (MAX A/B) 
1 (MAX DRY) 
2.3.3 DERIVATIVE - PROCEDURE 
The use 05 i n l e t  performance maps i n  miss ion analys is  f o r  p re l im ina ry  
design has s i m p l i f i e d  the  task and provided f o r  consistent ,  r a p i d  ! 
r e s u l t s .  The e x i s t i n g  f i l e s  o f  i n l e t  performance maps do not  cover a l l  1 3 
cases, however, and where the  e x i s t i n g  maps do not  match t h e  app l ica t ion ,  4 
var ious approaches have been used t o  generate new maps. The user might  I 
modi fy  the  performance maps by hand t o  r e f l e c t  changes, b u t  no standard 
prlocedure i s  avai lable,  and the  process would no t  be conducive t o  r a p i d  J 
response. Further, there  would l i k e l y  be a lack o f  consistency i n  map 
changes among many users. A comnon approach has been t o  use the  maps as 1 
they  e x i s t  and accept the p o s s i b i l i t y  s f  reasonable er rors .  A r a p i d  
process which would produce modi f ied performance maps t h a t  r e f l e c t  t he  
var iab les  of the  i n s t a l  1 a t i o n  being considered, would a1 low maximum 
u t i l i z a t i o n  o f  the  advantages o f  t he  map i n s t a l l a t i o n  analysis. The 
1 
concept o f  a d e r i v a t i v e  processor f i t s  t h i s  requirement. It w i l l  produce : i 
a new set o f  performance maps, r e f l e c t i n g  the  e f f e c t s  of t he  new 
i n s t a l  l a t i o n .  
Der i va t i ve  Parameters 
The f i r s ?  step i n  t h e  development o f  the  d e r i v a t i v e  procedure was Lhe 
.{ 
se lec t i on  o f  the  d e r i v a t i v e  parameters. These parameters are those t h a t  i 
w i l l  be perturbed t o  produce a new set  o f  per f~rmance c h a r a c t e r i s t i c s  f rom 
an e x i s t i n g  (o r  "basel inen) se t  o f  maps. 
The c r i t e r i a  used t o  se lec t  t he  d e r i v a t i v e  parameters were: 
(1) Var ia t ions  i n  the  parameter must have a s i g n i f i c a n t  e f f e c t  on t h e  
conteyt  o f  the  maps used t o  descr ibe i n l e t  o r  nozzle/aftbody 
performance. The d e r i v a t i v e  procedure should be used as p a r t  o f  
an o v e r a l l  conceptual analys is  procedure f o r  c a l c u l a t i n g  f i r s t -  
order propul s i  08 system -Instal 1 a t i  on e f fec ts .  The d e r i v a t i v e  
parameters selected f c ?  the  present procedure are those which 
have been c l e a r l y  i d e n t i f i e d  by t e s t  o r  analys is  as having 
" f i r s t - o r d e r "  e f f e c t s  on i n s t a l l e d  performance. The d e r i v a t i v e  
procedure should n o t  be used f o r  d e t a i l e d  des ign s tud ies  s i nce  
t h e  procedure may n o t  be s e n s i t i v e  te t h e  e f f e c t s  o f  smal l  
v a r i a t i o n s  irr some design var iab les .  
( 2 )  To t h e  maximum e x t e n t  poss ib le ,  an at tempt  was made t o  d e f i n e  t h e  
d e r i v a t i v e  parameters i n  terms o f  geometr ic v a r i a b l e s  t h a t  can be 
e a s i l y  r e l a t e d  t o  t h e  a i r p l a n e  con f i gu ra t i on .  Th i s  was done t o  
he lp  i n  e v a l u a t i n g  t h e  e f f e c t s  of c o n f i g u r a t i o n  changes on 
i n s t a l  1  ed performance. 
( 3  D e r i v a t i v e  parameters had t o  represen t  t r ends  t h a t  were s t r o n g  
enough t o  be c l e a r l y  ev iden t  i n  s p i t e  o f  t h e  s c a t t e r  i n  t e s t  da ta  
ob ta ined  from t y p i c a l  i n l e t  and nozz le  t e s t s .  
Table I presen ts  a  l i s t  of t h e  d e r i v a t i v e  parameters t h a t  have been 
se lec ted  f o r  use i n  t h e  d e r i v a t i v e  procedures. The d e f i n i t i o n  of each o f  
these parameters i s  inc luded.  Tables I 1  & 111 p resen t  these  same 
d e r i v a t i v e  parameters and t h e  performance map v a r i a b l e s  t h a t  t h e y  a f fec t ,  
e i t h e r  d i r e c t l y  o r  i n d i r e c t l y .  Table I V ,  V and V I  g i v e  t h e  va lue o f  each 
d e r i v a t i v e  parameter f o r  each da ta  base i n l e t  and nozz le /a f tbody  
c o n f i g u r a t i o n .  
TABLE I 
INLET DERIVATIVE PARAMETERS AND THEIR ?EPXr?!'i'IONS 
1. Aspect R a t i o  - App l i cab le  t o  two-d i rnmsional  
(AR) i n l e t s  o n l y  
- Def ined as i n l e t  w i d t h  d i , i ded  by  i n l e t  l i p  
h e i g h t  ( r e l a t i v e  t o  t i p  p o s i t i o n ) .  
2. S idep la te  Cutback - App l i cab le  t o  two-dimensGonal 
(SPC) i n l e t s  o n l y  
- Def ined as t h e  percen t  o f  a f u l l  s i d e p l a t e  
area t h a t  i s  removed t o  d e f i n e  a p a r t i a l  
s i h l a t e .  
The upper edge o f  a f u l l  s i d e p l a t e  extends 
f rom t h e  ramp t i p  t o  t h e  cowl l i p .  
3. F i r s t R a r n p o r C o n e  - P ,pp l i cab l e to two-d imens iona l  
Angle and axisymmetr ic i n l e t s  
- Def ined as s ~ r r f a c e  ramp angle, i n  degrees, 
r e l a t i v e  t o  h o r i z o n t a l  r e f e rence  l i n e  f o r  
two-dimensional i n l e t s  
- Def ined as cone su r f ace  angle, i n  degrees, 
r e l a t i v e  t o  i n l e t  c e n t e r l i n e  f o r  
axisymmetr i c  i n l e t s  (cone ha l f  -angle) 
4. Design Mach Number 
(Mo Design) 
5. Cowl Lip Bluntness 
6. Takeoff Door Area 
7.. External Cowl Angle 
TABLE I (Continued) 
- Applicable to all inlets 
- Defined as the maximum Mach number at which i 
the inlet is designed to operate 1 
- Applicable to all inlets 
- Defined as the inlet lip surface radius 
divided by the lip height. 
- Applicable to all inlets 
- Defined as the total door area for the 
I 
takeoff auxiliary air system divided by the 
inlet capture area 
- Applicable to all inlets 
- Defined as external cowl surface angle, in 
degrees, re1 ative to inlet horizontal 
reference 1 i ne 
8. Exit Nozzle Type - Applicable to two-dimensional and 
for Bleed axisymmetric inlets 
- Defines whether bleed exit nozzle is 
convergent or convergent-d'vergent 
9. Exit Nozzle Angle - Applicable to two-dimensional and 
for Bleed axisymmetric inlets 
- Defined as bleed exit nozzle angle, in 
degrees, relative to inlet horizontal 
reference 1 i ne 
TABLE 1 (Continued) 
10. Exit Flap Aspect - Appl icable t o  two-dimensional dnd 
Ratio fo r  Bleed axisymmetric i n l e t s  
( ARF 
- Defined as f l a p  width divided by f l ap  length 
11. Exit Flap Area - Applicable t o  two-dimensional and 
f o r  Bleed axisymmetric i n l e t s  
( AF/AC) 
- Defined as f l a p  area divSded by i n l e t  cap- 
t u r e  area 
12. E x i t  Nozzle Type - Applicable t o  a l l  i n l e t s  
f o r  Byp ass 
- defines whether bypass ex i t  nozzle i s  con- 
vergent or convergent-divergent 
13. E x i t  Nozzle Angle - Applicable t o  a l l  i n l e t s  
f o r  Bypass 
- Defined as bypass ex i t  nozzle angle, in 
degrees, r e l a t i ve  t o  i n l e t  horizontal 
reference 1 i ne 
14. Exit Flap Aspect - Applicable t o  a l l  i n l e t s  
Ratio f o r  Bypass 
( ARF - Defined as f l a p  width divided by f l ap  length 
15. Exit Flap Area - Applicabl"~ a l l  i n l e t s  
f o r  Bypass 
(AF/AC) - Defined as  f l a p  area iivided by i n l e t  cap- 
t u r e  area 
TABLE I (Cbnt inued) 
16. Subsonic D i f f u s e r  - App l i cab le  t o  a l l  i n l e t s  
Area R a t i o  
( A2/A1 - Defined as e x i t  area (compressor f ace )  
d i v i d e d  by  ent rance area ( t h r o a t )  
17. Subsonic D i f f u s e r  - App l i cab le  t o  a l l  i n l e t s  
T o t a l  Wal l  Angle 
- Def ined as t he  t o t a l  equ i va len t  w a l l  
d ivergence angle, f rom ent rance t o  e x i t  
18. Subsonic D i f f u s e r  - App l i cab le  t o  a l l  i n l e t s  
Loss C o e f f i c i e n t  
( € 1  - Def ined by t he  e w a t i  on 
- 
19. Throat  Lo Capture L - App l i cab le  t o  P i t o t  i n l e t s  
Area R a t i o  o n l y  
(AT/AC )
- Def ined as t he  f i x e d  t h r o a t  area d i v i d e d  by 
t h e  i n l e t  ca.pture area 
NOZZLE/AFTBODY DRAG DERIVATIVE PARAMETERS AND THEIR DEFINITION 
20. Nozz le /Af tbody Area - App l i cab le  t o  a l l  nozz le /a f tbod ies .  
D i s t r i b u t i o n  Def ined by t h e  c ross -sec t i ona l  area 
d i s t r i b u t i o n  as a  f u n c t i o n  o f  s t a t i o n  f rom 
A1O ( r e f .  area) t o  A  (nozz le  e x i t  9  
area). Character ized by t he  parameter I M S T  
1 
: 21. Radia l  T a i l  Or ien- - App l i cab le  t o  a l l  nozz le /a f tbod ies  J 
t a t i  on w i t h  t a i l s .  Def ined by t h e  angular  i 
o r i e n t a t i o n  o f  t h e  t a i l  r e l a t i v e  t o  t h e  ;I 
v e r t i c a l  p o s i t i o n .  
TABLE 1 (Contintred) 
22. Fore-and-aft  Ta i  1 - Appl l c a b l e  t~ a1 1 nozz le /a f t bod ies  
L o c a t i  011 f i l t h  t a i l s .  Defined by the  l o c a t i o n  o f  t i l e  
a f t  p o i n t  a f  t h e  t a l l / a f t b o d y  j u n c t i o n  
r e l a t i v e  t o  t h e  nf tbody l eng th  ( X A  - 
10 Xn, 
NOZZLE C DERIVATIVE PARAMETERS AND THEIR ?EFINITIQN 
G 
23. Base Area - App l i cab le  t a  a11 nozz le /a f tbod ies  w i t h  base 
area. Def ined by the  r a t i o  of t he  base 
area, ADnSE t o  t t ~ e  s f tbody  re fe rence  firen, 
"lo 
24. P lug H a l f  Angle 
25. Ra~tiy H a l f  Angle 
- App l i cab le  t o  roirnd p l i ~ g  nozzles. Bef ined 
as the  ha l f - ang le  o f  t h e  p l u g  centerbody 
n~eas\rred relative t o  tile p lug  a x i a l  
cen te r1  i ne. 
- r l \ppl icabls t a  two-dimensiatial wedge nazzles.  
Def ined by t h e  wedge h a l f - a n g l e  r e l a t i v e  t o  
t he  wedge c e n t e r l  i ne. 
26. Aspect R a t i o  - App l i cab le  t o  two-d imensiond 
( Wg/H9 ) nozz 1 es, h o t  h C-0 and wedge types. Dcf i ned 
by t h e  r a t i o  o f  nozz le  w i d t h  t o  he igh t  a t  
t h e  nazz le  e x i t  s t a t i o n .  
27. Divergence i i~ l f -  - App l i cab le  t;o cor~vergen l -d ive rgen t  round and 
Angle 2-D nozzles.  Defirred as the angle of: t h e  
( @ DIv)  diverging s c c t i a n  nozz le  ~ n l l  r e l a t i v e  t o  
the  a x i a l  c e n t e r l i n e  of t h e  nozzle.  
ITABLE I 1  INLET DERIVATIVE PROCEDURE CROSS-REFERENCE 
1 AFFECTED PERFORMANCE MAP VARIABLES 
. , 
TABLE I11 NOZZLE/APTBBDY DERIVATIVE PROCEDURE REFERENCE L I S T  
AFFECTED PROGRAM AREAS 
DERIVATIVE 
NOZZLE/AFTBODY GROSS THRUST PARAMETER 
DRAG CALCULATION COEFFICIENT CALCULATION 
AFT-END CLOSURE 
(INCLUDES EFFECT OF 
ASPECT RATIO, BOAT- 
TAIL ANGLE, TWIN 
NOZZLE SPACING 
RADIAL TAIL I ORIENTATION 
FORE- AND -AFT . 
TAl L LOCATION CD 
I BASE AREA 
- - -  - 
DIVERGENCE HALF- ' 
ANGLE (FOR AXI- 
SYMMETRIC AND 
2-D C-D NOZZLES 
PLUG HALF-ANGLE I I 
ASPECT RATIO 
(FOR 2-D C-D 
AND 2-D WEDGE 8 
NOZZLES) 
WEDGE HALF-ANGLE 
(FOR 2-0 WEDGE 0 
NOZZLES) 
 able I V Derivative Parameter Summary of Inlet Configurations 
FILE NAME 
DERIVATIVE 
PARAMETERS DEF'- A F8 M5SU8 MIDUB NS NJ2 LWF ATE2 AS. VSTOL NVSTO TMlB3 FB INT M82D 1 5 1  NASA1 ICAC35 1- NITION 
. 1 Inlet Aspect Ratio Wc hc 
2 Sidepiate Cutback Ac~fAsp 
3 First Ramp Angle Dq .  
4 Des~gn Mach Number - 
5 Cowl Lip Bluntness 
'lip% 
6 Tckcoff Door Area AtofA, 
7 External Cowl Angle OW. 
8 Bleed Ex11 Nozzle Tyw 
w C.0 
9 Bled Ex11 Notrle Angie Deg. 
tS 10 Bleed Ex11 Flop Aspect Ratio W,/hf 
Q, 
11 Bled Exit Flap Area Af'A, 
12 B y w s ~  Ex11 Nozzle Tym Conv. 
or C.0 
13 Bvpass Exit Notzle Angle Deg. 
14 Bypass Exit Flap As~ect W,hf  Ratio 
NIA N/A NIA 
NIA NIA NIA 
NIA NIA NIA 
.80 1.60 .50 
.03 .02 .030 
0.0 0.0 NIA 
4.5 2.5 :2. 
NIA NIA IU/A 
NIA NIA MIA 
N/A N/A NIA 
N/A NIA NIA 
NIA NIA NIB 
NIA N/A NIA 
N/A N/A N/A 
NIA NIA 
NIA NIA 
NIA NIA 
.80 1.50 
.022 .022 
.026 .1B 
17. 5.0 
N1.9 NIA 
lUr4 ??!A 
%/A NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA 
NIA 
NIA 
1 .so 
0. 
.22 
5.0 
NIA 
NiA 
NIA 
N!A 
MIA 
N/A 
NIA 
2.0 
.75 
7.0 
1.60 
.012 
.a35 
13.0 
Conv. 
20.0 
1 .o 
.10 
NIA 
N/A 
NIA 
1 .o 
.20 
7.3 
2.0 
,012 
.20 
17.5 
Conv. 
15.0 
2.0 
.10 
Corn. 
15.0 
2.0 
1.0 
.25 
6.0 
2.5 
.m 
. l l  
17.0 
Corn. 
m.0 
.Qo 
.50 
C-D 
20. 
.67 
NIA * N/A 
NIA NIA 
25.0 22.0 
1.60 2.0 
.02 .015 
.462 .46 
10. 19. 
NIA Corn. 
MiA 20.0 
NIA 1.0 
NIA .10 
NIA Conv. 
N/A 20. 
NIA 1.0 
NlA 
N /A 
18.0 
2.5 
.015 
.25 
12. 
Conv. 
15. 
1.0 
.10 
Conv. 
15. 
1.0 
1.0 1.0 1.0 
0.0 0.0 0.0 
7.0 7.0 7 0 
2.5 3.0 3.5 
0. 0. 0. 
.I2 .so .20 
12. 12. 15.0 
Conv. Com Corn 
20.0 0.0 15. 
.90 NIA 1 0 
.20 N'A 10 
C-D C-D C-0 
20. 15. 15 
1.0 2.0 1.0 
N'A N'A 
N 'A N 'A 
10.4 10 0 
2.35 3 0 
0. 0 
m 20 
1.0 0 0  
Cowv Conv 
15. 15 
1.0 1.0 
.20 20 
C-D C-D 
10 
1 0  
20 
C-D 
15 BVMSS EXI Flap Area NIA NIA NIA NIA NIA NIA NIA 20 ,268 NIA .20 .20 .20 .20 21) .20 .20 20 .767 Aft*, I 
16 Subson~c Diffuser Are8 Ratio A /A 1.40 1.40 1.25 1.25 1.305 1.305 1.373 1.50 1.89 1 44 1.83 2.0 1 40 2.8 4 7 157 2 1 4 97 ZTI 2 1 
8 
17 Dtffuser Total Wall Angle Deg. 2.5 3.5 12.0 12.0 4.0 4.0 5.0 10 0 8 5 6 0 9 0 15.0 9 0 12 0 11 5 7 0 12 0 9 0 
14.0 
18 Subton~c D ~ f f l ~ v r  .J 
F 12 14 1 LOIS C w f f ~ c ~ m t  .12 .12 015 .0:5 .12 .12 .12 12 .16 .08 12 .14 .14 06 12 12 -12 
d 19 ThtoeIlCa~lure Area Ratio AT!Ac NIA NIA .80 .90 .96 1.00 N/A NIA N A N:A NIA NIA NNI NIA N'A N:A N:A N.A 
NIA u t 
lNLET TYPE 
d 
,2 Chin Chln Pitot Pilot Pitor Pitot E.C. E.C. E.C. E C. E C E C M C M.C M C M C M C 
M C  M.C. (N.S.1 (N.S.) 2.D 2-D 2 0 4x1 AX1 AX1 2.0 2.D 2 D AX1 AX1 
4x1  2-0 , w 
9 
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2.3.3.1 DERIVATIVE PROCEDURE FOR INLETS 
The purpose of the in le t  derivative procedure i s  t o  modify a baseline 
in le t  configuration and define the resulting performance character i s t  :cs 
in a format that  can be used as a direct input to  the INSTAL program. 
Baseline in le t  geometry and performance characteristics will be 
represented by elements of a se t  of in le t  geometries and performance 
characteristics contained in the l ibrary of map f i l e s .  The inlet  
geometric characteristics represented by the in le t  configurations 
contained in the basic l ibrary of in le t  maps are shown in Table IV. The 
derivative procedure provides a f i rs t -order  prediction of the new in le t  
performance based on the baseline map f i l e  and changes in derivative 
parameters from those of the baseline in le t .  
This procedure i s  based on two key assumptions: 
(1 ) Generally appl icable functions exis t  which re la te  changes in 
in le t  performance characteristics to  chances i n  inlet  design 
parameters; and 
(2)  The derivative procedure will not a1 t e r  the sophistication, 
technology, design philosophy, or mission related design trades 
that  are represented by the baseline in le t .  As a resu l t ,  the 
in le t  level of technology, type of application, complexity and 
design philosophy are removed as variables in the derivative 
procedure. I t  i s  important to  note that  as a resul t  of t h i s  
approach, a new in le t  with given design variables will not have 
completely unique performance characteristics if i t  i s  generated 
by pertubations from different baseline map f i l e s .  Each resul t  
will re f lec t  the design of the chosen baseline in le t .  
The derivative procedure i s  structured as an analytical technique as much 
as possible. Physically based analyses are used to  re la te  parameter 
changes to  the various performance map changes. The effects  on a l l  maps 
and map variables are included. The analyses and governing assumptions 
provide a procedure that i s  f i r s t  order accurate or better.  The approach 
is structured so that all map effects are included in seven consecutive 
steps that require no iteration between the various steps. In general for 
each step, those effects which relate to modified geometry are deter- 
mined first at the existing design Mach number. Then the effect of design 
Mach number change is determined. 
Three types of inlets are included: 
1. Two-dimensional 
2. Axisymmetric 
3. Pitot 
The two-dimensional and axisymmetric inlets are treated similarly, though 
a coneflow solution is required for axisymmetric inlets while wedge flow 
is used for two-dimensional inlets. These inlets are assumed to have a 
design Mach number greater than one. The pitot inlet is treated differ- 
ently because it may have a design Mach number of any value, and the 
derivative procedure must handle a change from subsonic to supersonic and 
vice versa. As a result, ;lo simple Mach number scaling is used. For 
two-dimensional and axisymmetric inlets, Mach number scal ing is employed 
if the design Yaeh number i s  changed. This Mack number scaling is 
accomplished as follows: 
if Mo < 1.0 , 
Mo new Mo old I FOR BOTH MIXED AND EXTERNAL COMPRESSION INLElS 
if M~ Hart old ' M~ des ip  old , 
- 1.0) EXTERNAL COMPRESSION <Mo design new 
MO new INLETS 
jf Mo start old < Mo design old 
Mo start new = Mo ,art old 
I for 1.0 < M, 6 Mo stad , (EXIT.RNAL COMPRESSION MODE) P 
E Mo new " Mo old 
I EdlXED COMPRESSION 
IlQKETS 
Ir M ,,--... > M  --.- A . ( MIXED COMPRESSION MODE ) I fc 
V I I C W  u JLaIL - 
(Mo desi ew Mo new = '0 a, + @'o old - '0 start) 
(Mo deti: ild - Mo 
1 I The s tar t ing Mach number i s  unchanged for mixed compression inlets .  The i A range of s ta r t ing  Mach number i s  re lat ively small, and does not vary 
direct ly  with design Mach number. The assumption of fixed s ta r t ing  Mach 
. . number is  a t  least  f i rs t -order  accurate. The terminology for  the various 
in le t  flows i s  i l lustrated below. 
*O B LC BY 
(Bleed) (Bypass) 
I Bleed Exit Bypass Door 
(Capture) I 
(Supply) 
- (Engine t Bypass) 
Step 1. New Inlet  Capture 
The f i r s t  thing done i s  t o  establish the matched capture for  the existing 
in l e t :  I 
The remainder of th i s  s t ~ p  will deal with th i s  matched capture. For pi tot  
i n l e t s  the existing capture i s  multiplied by the ra t io ,  new-to-old, of 
throat-to-capture area rat io .  Then if the new design Mach number i s  less 
than the old, the table  i s  simply truncated. If the new design Mach 
number i s  greater than the old, the matched capture i s  extended past the 
previous maximum Mach number using the relation 
SHOCK 
which assumes a fixed throat area and throat: Mach number represented by 
the previcus highest Mach Number. 
For two-dimensional inlets ,  the Petersen-Tamp1 i n analysis (Reference 14) 
i s  used, fo r  M0 > 1.0, to  determine the effects of geometry changes with 
the existing design Mach number. This analysis, for  single ramp in le ts ,  
includes the effect  of aspect ra t io ,  ramp angle, and side plate shape, and 
includes side spillage effects .  I t  i s  assumed tha t  ramp scheduling will 
be similar enough between the old and new geometries that the variation in 
capture will be represented by the re la t ive  variations in capture for  
single ramp in le ts .  To dimensionalize the inlet  i t  i s  assumed that  the 
ramp t i p  shock (old and new) is on the l i p  a t  the existing design Ma.ch 
number. For th i s  existing Mach number range, the maximum capture i s  
determined from the analysis for  the old and new geometry: 
For axisymnetric in le t s ,  a t  Mo > 1.0, a coneflow solution i s  used for  
the old and new i n i t i a l  cone angle for  Mach numbers up to  the old design 
Mach number. The cone t i p  shock i s  assumed to be on l i p  a t  the old design 
Mach number. A translation schedule i s  determined (f  ( M , ) )  fo r  the old 
cone angle such tha t  the maximum capture i s  the matched capture determined 
previously. The new cone angle uses the same translation schedule to  
determine the new capture. 
For a l l  three types of in le t s ,  at  Mo C 1.0, the effects  on capture of 
cowl !ip bluntness, takeoff door area, and subsonic diffuser modifica- 
t ions are determined. For cowl l ip  bluntness and takeoff door area the 
r a t io  of in l e t  airflows is  equal to the rat io  of effective throat areas. 
For the subsonic diffuser the compressor face Mach number i s  assumed fixed 
so that diffuser recovery affects capture directly (MTh < 1.0).  
Then for two-dimensional or axisymmetric in le t s  if the design Mach number 
i s  changed, the in le t  capture i s  adjusted. If the design Mach number i s  
increased the design (minimum) throat area goes down (and vice versa). 
Since geometric variation i s  limited, the m3,ximum throat s ize will be 
changed accordingly. I t  i s  assumed that  the in le t  mass flow ra t io  a t  the 
design Mach number i s  the same (new and old) while a t  Mach 1.0 
(Mo design) 
A /A old A,/% ( . ) = ( '1 C) old * design),,, 
This relationship has been shown t o  be generally val!d for  several axi- 
synnnetric in le t s  (References 15, 16, P7), b u t  may be conser~vative for  
two-dimensional in le t s .  
Step 2 .  New Inlet  Bleed 
P S t o t  in le t s  are assumed generally to have no bleed, since present exam- 
ples are unbled. However, in anticipation of a pi tot  in le t  with bleed, 
the bleed r a t e  tables will not be altered. No other approach would be 
we1 1-founded since system characteristics are as yet undefined. 
Two-dimensional and axisymmetric in le t s  have the effect  of design change 
on bleed rates  determined similarly, except tha t  two-dimensional in le t s  
can have a wetted area r a t io  change w i t h  fixed i n i t i a l  ramp angle, due to 
changes i n  aspect r a t io  and/or sideplate area, that  axisymmetric inlets  do 
not have. For t:Bvo-dimensional inlets  ttie bleed rates  are multiplied by 
the rat io  (new-to-old) of wetted areas. 
The inlet  design point, (specified in terms of design Mach number and 
geometric variables) i s  assumed to be the c r i t i c a l  sizing point for  the 
bleed system. I t  may be that  some off-design condition caused a modif i- 
cation in the system, b u t  tha t  will be reflected in the design point bleed 
f o r  the existing in le t .  There are two c r i t e r i a  which may be generally 
used to determine the re la t ive  amount of boundary layer control: (1) the 
adverse gradient the boundary layer must traverse and ( 2 )  the Reynolds 
[ 
number. The adverse grad ien t  i s  t h e  dominant e f f e c t .  Obl ique shock 
r e f l e c t i o n  r e s u l t s  i n d i c a t e  t h a t  t he  al lowable pressure r a t i o  
/P ) d i v ided  by the  upstream Mach number i s  a reasonable ( P s ~ ~ ~ ~ ~ ~  T 
measure o f  t he  l i k e l i h o o d  o f  separat ion (Reference 18) i n  t h e  range o f  
i i n t e r e s t .  Using t h i s  as a basis, and assuming a f i x e d  downstream Mach 
I 
number ( t h r o a t  o r  compressor face)  and neg lec t ing  t h e  secondary e f f e c t s  o f  
recovery, the  fo l l ow ing  expression may ba der ived (remembering t h a t  i t  i s  
the sur face pressure grad ien t  t h e  bc.iundary l aye r  must undergo): 
Mo new 
9.' I Y , +, 
I.. 
* .4 i i 
- ;j 
.1 
>il 
j 
, j 
8 
:( 
"3 $4 >3 
This expression works reasonably we l l  when app l ied  t o  e x i s t i n g  i n l e t s .  3 -4 
Note t h a t  the  pressure grad ien t  term i s  a f fec ted  by i n i t i a l  ramp o r  cone 3 d 
angle and design Mach number. Ti-~e surface cond i t i on  i s  obtained f rom d 
simple wedge f l a d  f o r  two-dimensional i n l e t s ,  and f rom cone f l o w  f o r  3 
axisymmetric i n l e t s .  The r e s u l t s  improve i f  t h i s  expression i s  m u l t i -  I; 
% 
p l i e d  (on the  r igh t -hand s ide)  by i 
where t h e  Re/ft/PTo values come from Chart 25 o f  qeference 19, us ing  the  
1 
1 
T = 1 0 0 ' ~  curve. This l a s t  s tep accounts f o r  t h e  Reynolds number change 
w i t h  Mach number. 
I It was determined t h a t  t h e  expression discussed above prov ided exce l l en t  
P 4 
I p r e d i c t i o n  o f  forward b leed i n  mixed compression i n l e t s .  This  i s  q u i t e  e 
reasonable s ince i t imp l i es  t h a t  t he  bleed r a t e  w i l l  go up o r  down w i t h  
t 
, pressure r a t i o  d i v ided  by i n i t i a l  surface Mach number t o  prov ide a con- 
s tan t  t h r o a t  e n t r y  cond i t ion .  
It was found on further examination that terminal shock bleed (throat 
bleed for mixed compression or total bleed for external compression) 
scaled as 
The bleed rate split for mixed compression inlets was based on the mixed 
compression inlet design guidelines o f  Reference 20, where it is assumed 
that forward bleed equals throat blockage, and throat bleed is 2/3 of 
throat blockage. This translates to 
and, as demonstrated in the Appendix, this bleed splitting provides 
excellent results. 
It is assumed that for all inlets the variation in bleed rate with inlet 
supply is a variation in terminal shock bleed alone. 
Step 3. New Engine Supply 
- 
Engine supply is inlet supply minus inlet bleed. Since inlet supply and 
inl~t bleed have been determined for the new inlet in an independent 
manner, the resultant inlet supply does not simply scale by a shift. In 
fact non-linear scaling of inlet supply may well result. 
new 
2A 2A 6 A 6 AT 
An equivalency o f  supply, new-to-old, as a f u n c t i o n  o f  Mo i s  determined 
i n  t h i s  s tep so t h a t  a l l  o l d  tab les  w i t h  supply axes may be rescaled t o  
new supply values. 
Step 4. New I n l e t  Recovery 
I n  t h i s  s tep  the  matched recovery w i l l  be modif ied, and the  recovery 
v a r i a t i o n  w i t h  supply w i l l  s imply be s h i f t e d  by t h e  same amount as the  
matched recovery. 
For a l l  Mach numbers less than o r  equal t o  1.0 t h e  r a t i o  o f  new t o  o l d  
recovery i s  determined fo r  cowl l i p  bluntness, t akeo f f  door area, and 
subsonic d i f f u s e r  changes. The e x i s t i n g  recovery i n  t h i s  Mach number 
range i s  m u l t i p l i e d  by these recovery r a t i o s  (new-to-old) t o  determine the  
new recovery. For p i t o t  i n l e t s  t h i s  co r rec t i on  i s  appl ied a t  a l l  e x i s t i n g  
Mach numbers. 
New e f f e c t i v e  te rmina l  shock Mach numbers are determined f o r  two-dimen- 
s iona l  and axisymmetric i n l e t s  a t  Mach numbers greater  than 1.0 and less  
than o r  equal t o  the s t a r t i n g  Mach number (ex te rna l  compression), The new 
values are ca l cu la ted  from the  e x i s t i n g  te rmina l  shock Mach number and new 
and o l d  i n l e t  capture ( p r i o r  t o  design Mach number change). The recovery 
d i f f e rence  f o r  a normal shock a t  t he  o l d  and new e f f e c t i v e  te rmina l  shock 
Mach numbers i s  detetmined. The matched recovery i s  incremented by 
one-half t h i s  amount, s ince i t  i s  assumed ramp scheduling, o r  centerbody 
t r a n s l a t i o n  schedul ing could be used t o  con t ro l  t h i s  Mach number. 
For two-dimensional and axisymmetric i n l e t s  a t  a1 1 Mach numbers greater  
than 1.0 the  increment i n  i n i t i a l  ramp o r  cone shock recovery i s  deter-  
mined f o r  a l t e r e d  i n i t i a l  ramp o r  cone angle. Wedge f l o w  i s  used f o r  
two-dimensional i n l e t s  and a cone f l o w  s o l u t i o n  f o r  axisymmetric i n l e t s .  
The matched recovery i s  incremented by one-half o f  t h e  d i f fe rence,  assum- 
i n g  t h a t  a l t e r e d  i n l e t  operat ion can be used t o  m i t i g a t e  t h i s  e f f e c t .  
For these same i n l e t s  and f o r  t h i s  Mach number range the  e f f e c t s  o r  
recovery o f  subsonic d i f f u s e r  geometry changes are determined f o r  new and 
o l d  geometries and t h e  e x i s t i n g  recovery i s  m u l t i p l i e d  by t h e  r a t i o  
i new-to-old subsonic d i f f u s e r  recover ies.  PI 
:$ 
For two-dimensional and axisymmetric i n l e t s ,  i f  the  design Mach number i s  
changed i t  i s  assumed t h a t  the  loss  c o e f f i c i e n t  "T'TD =IFI,) i s  s t i l l  
90 
v a l i d .  Therefore the  new recovery i s  simp1.v 
us ing  Mach lrzrlrnber equivalence. This i s  probably o p t i m i s t i c  f o r  external  
compression i n l e t s  w i t h  l a rge  design Mach number s h i f t s ,  bu t  has other-  
wise proven q u i t e  accurate (see the  Appendix). 
For  p i t o t  i n l e t s  i f  t h e  design Mach number i s  reduced, t he  e x i s t i n g  curve 
i s  simply truncated. I f  the design Mach number i s  increased the curve i s  
extended b y  m u l t i p l y i n g  the  recovery o f  t h e  previous maximun: Mach number 
b y  the  r a t i o  of the  normal shock recovery a t  Mo d i v lded  by the  nortrial 
shock recovery a t  t h e  previous maximum Mach number. ; 1 
s i 
i .? 
The recovery as a f u n c t i o n  o f  mass f l o w  curves are simply s h i f t e d  by the I '1 
' \  
d i f f e r e n c e  i n  matched recover ies a t  equ iva len t  Mach numbers. For p i t o t  ; 4 
i n l e t s  t h i s  involves dupl i c a t i n g  the  prev ious maximum Mach number curve 
and s h i f t i n g  it so t h a t  the matched p o i n t  agrees w i t h  the new Mo matched 
supply and recovery, o r  simply d e l e t i n g  some curves i f  design Mach number 
i s  decreased. 
The buzz and d i s t o r t i o n  l i m i t  tab les  are assumed t o  be p h y s i c a l l y  keyed t o  
recovery, so a t  t h e  same s h i f t  f rom t h e  matched recovery as i n  t h e  o l d  
i n l e t ,  a t  equ iva len t  Mach numbers, a new i n l e t  supply i s  determined and 
the new buzz and d i s t o r t i o n  l i m i t  tab les  r e s u l t .  
Step 5. New Spillage Drag 
An in le t  capture equivalence i s  determined 
( ~ ~ 1 % )  old it = 
new 
(*da) I A  
, old dk new .( B x l A C )  6A oi.. new 
using the point-to-point equivalence in Table 2A, This allows simple 
rescal ing of a l l  i n l e t  capture axes, old-to-new. 
Next an absolute drag level i s  established by adding the reference drag 
levels t o  the power sensit ive drags. 
The drag calculation for two-dimensional in le t s  i s  done with the Peter- 
sen-Tamplin analysis (See Reference 14), which includes the effect  of side 
spillage. The drag analyses in th i s  program are based on momentum 
equations. 
The drag calculation for axisymmetric in le t s  u t i l izes  a cone flow solu- 
t ion, and the drag calculation procedures are equivalent to  those in 
Petersen-Tamplin, except for side spillage, which has no axisymrnetric 
counterpart. 
The drag calculations for pitot  inlets  are equivalent to the subsonic and 
detached shock calculation procedures for  two-"dimensional and axi symmet- 
r i  c in le t s ,  except that no external compression surf ace exis ts .  Momentum 
balance equations are used with the upstream condition being freestream or 
behind a normal shock a t  freestream Mach number. 
In general 
C calculated new 
''old Enew 
'' calculated old 
the new drag i s  determined as the old drag times the ra t io  (new-to-old) of 
calculated drags. The exception i s  for two-dimensional and axisymmetric 
inlets  between Mach 1.0 and the s tar t ing Mach number where the ramp or 
cone t i p  shock i s  not detached. For those cases 
A 'D calculate 
= 
C~ new C~ m a  
* old old N.s. calculate old 
the maximum capture drag i s  determined by multiplying by the ra t io  of 
calculated maximum capture drags, b u t  the drag a t  reduced capture i s  
determined incrementally from the maxirnum capture drag. This i s  freca~sc? 
the drag increment i s  due to  normal shock spillage, a different mechanism 
than the maximum capture drag, and the relat ive contributions i n  the old 
and new in le t  may not be the same. 
For two-dimensional inlets  an equivalent single ramp angle as a function 
of Mo i s  determined from the existing t i p  location t o  match the maximum 
inlet  capture as a function of Mo. The drag i s  calculated using these 
equivalent ramp angles. 
For axisymmetric inlets  the actual cone angle is  used and the t i p  i s  
translated to match the maximum capture. The drag i s  calculated using 
these translation schedules. 
The ef fec t  of cowl external angle on spillage drag i s  included as a 
multiplier. The r a t io  of KADD has been determined empirical ly (Refer- 
ences 5, 14) as a function of cowl external angle, and the updated drags 
are multiplied by the r a t io  of KADD values to determine the final drag. 
Then for  the specified reference mass flow in 3B, Table 3A  i s  the 3B  
intercepts in 3T. Table 3 i s  3 T  - 3A. 
Step 6. New Bleed Drag 
The new drag i s  determined from the old at  equivalent Mo and bleed area 
ra t io ,  A, BLC/AC3 making use of the point to  point equivalency between 
Table 6AOLD and Table 6ANEW. 
The PITAP (Reference 5 )  plenum pressure data are used, with the high 
p r s s u r e  and low pressure bleed mass flow s p l i t s  as defined in Step 2 for  
Mo ' Mo START . For a l l  other Mach numbers the high pressure curve i s  
used. The calculated drag coefficients are determined from the f lap  drag 
and momentum drag procedures (Reference 5) .  
Step 7. New Bypass Drag 
This step i s  very similar to  Step 6. The new bypass drag is  determined 
from the old a t  equivalent Mo and A /AC as 
OBY P 
D new = ('D,) old 
calculate old 
using the f lap and momentum drag procedures as above. The nozzle plenum 
pressure i s  the matched inlet  recovery multiplied by the PITAP plenum 
pressure multiplier, which i s  a function of bypass flow (Reference 5 ) .  
2.3.3.2 NOZZLE/AFTBODY DERIVATIVE PROCEDURE 
The nozz le /a f  tbody d e r i v a t i v e  procedure c o n s i s t s  o f  two pa r t s :  ( a )  
nozz le /a f tbody  drag ( C  ) c a l c u l a t i o n  procedure and ( b )  nozz le  
D~~ 
i n t e r n a l  performance ( C  ) c a l c u l a t i o n  procedure. Each o f  these 
F~ 
c a l c u l a t i o n  procedures i s  discussed sepa ra te l y  i n  t h e  subsect ions which 
f o l l ow .  
The purpose o f  t h e  nozz le /a f tbody drag c a l c u l a t i o n  d e r i v a t i v e  procedure i s  
t o  p r o v i d e  a r a p i d  f i r s t - o r d e r  computerized c a l c u l a t i o n  method f o r  
o b t a i n i n g  t h e  incrementa l  changes i n  drag due t o  changes i n  nozz le  and 
a f te rbody  geometr ic va r i ab les  and nozz le  s t a t i c  p ressure  r a t i o .  The bas i c  
premise i n  t h e  development o f  the  nozz le /a f  tbody drag d e r i v a t i v e  procedure 
i s  t h a t  a s e t  o f  base l i ne  nozz le /a f tbody  c o n f i g u r a t i o n s  and t h e i r  
es t imated  ( o r  measured) drag c h a r a c t e r i s t i c s  a re  a v a i l a b l e  i c  PIPS1 
format. The fo rmat  o f  t he  nozz le l a f t body  drag maps i s  i l l u s t r a t e d  i n  
F igure  37. 
The d e r i v a t i v e  procedure p rov ides  a means f o r  c a l c u l a t i n g  t he  changes i n  
drag t h a t  are caused by changes i n  c e r t a i n  geometr ic parameters. These 
geometr ic parameters are de f ined  by t h e  l i s t  o f  d e r i v a t i v e  parameters i n  
Sec t ion  2.3.3. The nozz le /a f  tbody d e r i v a t i v e  parameters are summarized 
be1 ow. 
1. A f t  end area 
d f  s t r i b u t i o n  
2. T a i l  p o s i t i o n  
Inc ludes  t h e  e f f e c t s  o f  r ec tangu la r  
nozz le  aspecx r a t i o ,  nozz le  b o a t t a i  1 
angle, t w i n  nozz le  spacing 
Inc ludes  t h e  e f f e c t s  o f  r a d i a l  t a i l  
o r i e n t a t i o n  and l o n g i t u d i n a l  t a i l  
l o c a t i o n  
3. Base area 
A l l  t h e  p ; ? , ~ + ~ e t e r s  requ i red  t o  c a l c u l a t e  t h e  above r e l a t i o n  are r e a d i l y  
ava i lab i i  .(.ept A9/A8. TO o b t a i n  Ag/A8 values, t h e  user  o f  t he  
d e r i v a t i v e  procedure must i n p u t  a v a r i a t i o n  o f  A9/A8 as a f u n c t i o n  of 
M o r  t h e  program w i l l  d e f a u l t  t o  a t y p i c a l  area v a r i a t i o n  schedule. 
0 
The t y p i c a l  a r ea  v a r i a t i o n  schedule b u i l t  i n t o  t h e  program is shown i n  
f i g u r e  44. Using t h e  above equat ion,  incremental changes i n  drag due t o  
p re s su re  r a t i o  e f f e c t s  w i l l  be ca l cu l a t ed  and s to red  as  t a b l e s  t h a t  can 
be used a s  i npu t  f o r  t h e  PIPS1 program. 
Drag Due t o  A f t  End Area D i s t r i b u t i o n  
The approach used t o  c a l c u l a t e  t h e  e f f e c t s  of changes i n  parameters which 
a f f e c t  t h e  aft-end a r e a  d i s t r i b u t i o n  is t h e  t runca t ed  i n t e g r a l  mean shape 
IMST method documented i n  References 21 and 22. This  c a l c u l a t i o n  
procedure is summarized i n  Figure 42. The c a l c u l a t i o n  of t h e  IMST 
parameter r e q u i r e s  t h a t  t h e  nozzle/af tbody a r e a  d i s t r i b u t i o n  be de te r -  
mined a s  a func t ion  of s eve ra l  d i f f e r e n t  nozzle  pos i t i ons  ranging from 
minimum nozzle  e x i t  a rea  (Ag) pos i t i on  t o  maximum nozzle  exit  area.  A 
t y p i c a l  a r ea  d i s t r i b u t i o n  such a s  t h a t  requi red  by the IMST procedure 
is shown i n  Figure 43. The ca l cu l a t ed  IMST parameter f o r  a p a r t i c u l a r  
a r e a  d i s t r i b u t i o n  is used a s  i n p u t  t o  da t a  c o r r e l a t i o n s  of nozzle/af tbody 
drag  a s  a func t ion  of IMST parameter and free-s t ream Mach number t o  
ob t a in  the nozzlelaf tbody drag c o e f f i c i e n t ,  C . Examples of the  
D ~ l ~  
drag da t a  c o r r e l a t i o n s  a r e  presented i n  F igures  44, 45, and 46. 
The computer program is s t r u c t u r e d  t o  have b u i l t - i n  drag c o r r e l a t i o n  
t a b l e s  such as  the da t a  shown in  F igures  44, 45, and 46. A t  t h e  p re sen t  
time, only a l im i t ed  amount of  d a t a  has been found t o  provide t h e  t a b l e  
look-up d a t a  r equ i r ed  f o r  a l l  conf igura t ions .  Unti l  such time a s  b e t t e r  
d a t a  a r e  a v a i l a b l e ,  the same da ta  w i l l  be used f o r  2-D wedge nozzles  and 
. 
2-0 C-D nozzles .  S imi l a r ly ,  the only d a t a  c o r r e l a t i o n s  a v a i l a b l e  f o r  
round plug nozzles  a r e  f o r  twin round plug nozzles .  These da t a  co r r e l a -  
t i o n s  will a l s o  be used f o r  s i n g l e  round plug nozzles  u n t i l  b e t t e r  da t a  
c o r r e l a t i o n s  a r e  ava i l ab l e .  Twin round C-D nozzle  drag c o r r e l a t i o n s  w i l l  
l ikewise  be used f o r  s i n g l e  round C-D nozzles .  The bas i c  drag co r r e l a -  
t i o n s  a r e  f o r  a fully-expanded nozzle  (P9/Po = 1.0) .  The e f f e c t s  of 
Figure 41.  Default Nozzle Area Ratio Schedule 
L 
Mach No. 
Check Tail Configuration, 
Nozzle Type, Bares ' 
wA9'A~0 .. , < Max Slope 
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I 
Mach No. 
Figure 42 IMST Cal cul ati on Procedure 
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Figure 43. Nozzle/Aftbody Area Distribution for a Twin 
Round Nozzle Configuration 
~ i ~ u r e  44. Nozzle/Aftbody Drag Correlations for a Twin C-D 
Axis.ymmetric Nozzle Configuration 
IMS ,- 
Figure  45.  Nozzle/Af tbody Drag Car re l  a t i ons  f o r  Twin and 
Sing1 e  2-D Wedge Nozzle Conf igura t ions  
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Figure 46 Pressure Drag Coefficient for Twin-Jet 
Axisynmetric Plug Nozzles 
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nozzle e x i t  s t a t i c  pressure r a t i o  (other than 1.0) on drag are calculated 
using a drag corre la t ion developed during the Exhaust System Interaction 
Program (Reference 21) .  This correl a t i  on i s :  
I 
2 
C~ = CD P9 A9 
QO 
- +- [4.. -Mo (J - - 0  1 . 1  - - I . O , . ( ~ ,  
Al0 -A$ A1O - * 9  
@' PpPo = 1.0 
= ( c ~ A l o  - A9 
@ P,lPo - 1.0 
\ ) - ( c ~ A , o  - A 9  , 
Drag Due t o  Tail Effects and Base Area 
After the  calculation of drag due t o  aft-end closure e f f e c t s  (previously 
described) drag increments are added t o  account fo r  the  radial  orienta-  
t ion  of t s f i s ,  longitudinal location of t a i l s  and base drag. The program 
i s  structured t o  contain a t ab le  of incremental drag corrections 
( A CD ) as a funct?on of free-stream Mach number, M ,  and radial  
R 
t a i l  orientat ion angle,OR. However, due t o  the  lack of experimental 
data t o  show the  e f f ec t  on drag of radial  t a i l  or ienta t ion,  i t  has not 
been possible t o  construct a sa t i s fac tory  correction table .  Therefore, 
the  t ab l e  s t ruc ture  was coded to corltain d C = 0 f o r  a l l  Mach 
D~ 
numbers and t a i l  angles. When adequate data are available to  construct a 
s a t i s f ac to ry  t ab le  of corrections, the  data can be entered in the compu- 
t e r  program code. The format of the t ab le  i s  shown 70 Figure 47. 
An incremental drag correctdSion to  account fo r  the  e f f ec t s  of fore-and-aft 
movement of the  t a i l  surf aces on aftbody drag has been developed from 
analysis of the  data contair~ed in Reference 23. These data were fo r  
s ingle  engine ins ta l l a t ions .  Figure 48 shows the  variat ion of 
ACLl as  a function of the t a i l  fo re  and a f t  location fo r  a nozzle PAP 
e s t a t i c  pressure r a t i o ,  Pg/Po = 1.0. The computer program i s  
I; structured t o  contain the  incremental t a i l  locatioti drag data shown i n  
I Figure 48. If be t t e r  data become available,  the  computer code can be 
changed t o  incorporate the  data tables .  
9 .- The f i r s t -o rder  e f fec t s  of base area on drag are calculated by using 
i n p u t  tables  of base pressure coeff ic ient  as a function of free-stream 
. .-. 
- . .. i$, - .  , I . .  
NOTE: TO ILLUSTRATE DATA TABLE FORMAT ONLY 
Figube 47 Cor rec t ion  f o r  R a d i a l  Orenta t ien  o f  T a i l  

Mach number, M ,  and nozz le  t y p e  ( e i t h e r  axisymmetr ic o r  two-dimen- 
s i o n a l ) .  The base p r e s s w e  c o e f f i c i e n t  i n  t h e  program i s  shown i n  
F igu re  49. Us ing t he  base pressure c o e f f i c i e n t ,  Cp , and t h e  base 
B - 
area r a t i o s ,  t h e  incrementa l  base drag c o e f f i c i e n t  i s  c a l c u l a t e d  by  t h e  
f o l l o w i n g  r e l a t i o n :  
The t o t a l  o f  t h e  incrementa l  changes i n  drag due t o  geometry are added 
and t he  r e s u l t a n t  drag increment a p p l i e d  t o  t h e  i n p u t  drag map t o  o b t a i n  
t h e  new nozz le /a f tbody  drag map. 
\ 2.3.3.3 NOZZLE GROSS THRUST COEFFICIENT DERIVATIVE PROCEDURE 
The c a l c u l a t i o n  methods employed t o  determine t h e  e f f e c t s  on nozz le  gross 
t h r u s t  c o e f f i c i e n t  (C ) of changes i n  nozz le  geometr ic v a r i a b l e s  
G 
depend g r e a t l y  on t h e  type of nozz le  be ing  used. Separate c a l c u l a t i o n  
f l o w  paths were cons t ruc ted  t o  handle each o f  the  f o l l o w i n g  nozz le  types:  
(1) A x i  symmetric Convergent-Divergent 
( 2 )  Axisymmetr ic P lug 
( 3 )  Two-Dimensi onal Convergent-Divergent 
( 4 )  Two-Dimensional P lug (Wedge) 
Fo r  a l l  t h e  above nozz le  types, t h e  approach used i n  develop ing t h e  
d e r i v a t i v e  procedure wa. t o  u t i l i z e  as much as p o s s i b l e  t h e  da ta  f rom 
exper imenta l  r e s u l t s ,  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  used where t he re  were 
da ta  vo ids  o r  where i t  was necessary t o  c a l c u l a t e  geometr ic r e l a t i o n s h i p s  
f o r  t y p i c a l  t rends  of nozz le  v a r i a t i o n s .  
The d e r i v a t i v e  parameters f o r  each nozz le  t y p e  are summarized i n  Table 
V I  I: 
"E 
Doattail Angle = O0 
No Jet 
No Fins 
Ref: WADC T.N. 57-28 
Figure 49 Base Pressure Coefficient 
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TABLE V I I  I i 
DERIVATIVE PARAMETERS FOR NOZZLE C F ~  CALCULATION 
NOZZLE 
TYPE 
AX1 C-D 
AX1 PLUG 
2-D C-D 
2-D WEDGE 
DERIVATIVE 
PARAMETERS 
'DIV DIVERGENCE 
HALF-ANGLE 
PLUG HALF-ANGLE 
ASPECT RATIO 
W9/H9 DIVERGENCE OD I v
HALF-ANGLE 
8 f H g  ASPECT RATIO 
RAMP (WEDGE) 
HALF-ANGLE 
The user o f  t h e  d e r i v a t i v e  procedure has t h e  op t i ons  a v a i l a b l e  t o  cc lcu -  
l a t e  t h e  e f f e c t  on t h e  i n p u t  CF map o f  any o f  t h e  d e r i v a t i v e  para- 
G 
meters  shown i n  t he  r i g h t  hand column o f  Table V. The methods and da ta  
used t o  c a l c u l a t e  t h e  e f fec ts  of v a r i a t i o n s  i n  each o f  t he  d e r i v a t i v e  
parameters a re  descr ibed i n  t h e  sec t i ons  which f o l l o w .  
E f f e c t  o f  Divergence Half-Angle on C, f o r  a  Round C-D Nozzle 
' G  
' The i n p u t  map fo rmat  f o r  round C-D nozz les  used by  t h e  PIPS1 program i s  
i l l u s t r a t e d  i n  F igure  50. Th i s  map p rov ides  CF as a  f u n c t i o n  o f  
G 
nozz le  pressure r a t i o ,  PT8/Po, f o r  va r i ous  nozz le  expansion r a t i o s ,  
Ag/A8. To p r o v i d e  a  method whereby t h e  e f f e c t  o f  ODIV cou ld  be 
r e l a t e d  t o  area r a t i o ,  a t y p i c a l  round C-D nozzleODIv v a r i a t i o n  as a  
f u n c t i o n  o f  Ag/A8 was examined. Based on t h e  r e s u l t s  of t h i s  
examinat ion t h e  s i m p l i f i e d  v a r i a t i o n  shown i n  F i g u r e  5 1  was adopted f o r  
p r o g r a m i n g  i n t o  t h e  procedure. Wi th  a  knowledge o f  A9/A8 and 
ODIV. i t i s  p o s s i b l e  t o  determine t h e  a n g u l a r i t y  loss,  us ing  t h e  
a n g u l a r i t y  l o s s  c o e f f i c i e n t  da ta  f rom Reference 1. These exper imenta l  
da ta  are shown i n  F igu re  52. 

F igu re  51. Divergence Angle/Area R a t i o  R e l a t i o n s h i p  f o r  a  
Round C-D Nozzle 

Ef f s t t  of Plug Half-Angle on C f o r  a Round Plug Nozzle 
G 
The input map format fo r  an axisymmetric plug nozzle i s  shown i n  
Figure 53. T h i s  format provides nozzle gross thrust  coeff ic ient ,  
C as  a function of nozzle pressure r a t i o  PT8/Po f o r  various 
E, 
area r a t i o s ,  Ag/A8. To obtain the  re la t ionship  of A9/A8 and plug 
half angle, a two-dimensional t ab le  look-up s e t  of data was prepared t ha t  
represents the  geometric re la t ionships  between l i p  angle, plug half 
angle, Op, and area r a t i o ,  A9/A8, f o r  a typical  plug nozz7e 
configuration. These data, presented i n  Figure 54, i s  programmed into  
the code to  provide inputs necessary t o  calcula te  the  parameter 
(a-Op). The parameter (a - 0 ) i s  then used t o  enter  Figure 54 t o  P 
obtain the plug nozzle performance loss. Figure 55 documented in 
Reference 3, i s  based on experimental data. 
Effect of Aspect Ratio and Divergence Half-Angle on C f o r  a 
Two-Dimensional Convergent-Divergent Nozzle G 
The methods used i n  developing the computer code fo r  the  2-0 C-D nozzle 
in ternal  performance calculations are based primarily on the experimental 
data gathered during the AFAPL Ins ta l led Turbine Engine Survivabil i ty 
Cr i t e r i a  contract  documented in Reference 24. These t e s t s  provided data 
on a var ie ty  of 2-D nozzles of various aspect r a t i o s  and divergence 
angles. 
The input map format fo r  the  2-0 C-D nozzle CF i s  shown in Figure 
G 
56. This format provides nozzle CF as a function of pressure r a t i o  
G 
and nozzle j e t  area. Two j e t  area schedules are provided, minimum j e t  
area and maximum j e t  area, corresponding to the  experimental configura- 
t ions  tested.  An optimum schedule of area r a t i o  i s  used fo r  each of the  
j e t  area se t t ings .  This area r a t i o  schedule i s  presented in Figure 57. 
The area r a t i o  schedule i s  truncated a t  a maximum area r a t i o  of 1.60, 
corresponding t o  t he  maximum area r a t i o  used in the t e s t s .  A divergence 
angle schedule was a lso  obtained from the t e s t  configurations, as shown 

Figure  54 I n t e r n a l  Area Variat ion f o r  a  Round Plug Nozzle 
Figure 55 Performance Loss & to Difference Between Cowl 
Angle and Plug Angle 
Figure  56 Gross Thrust C a e T f t c t e n t  fa r  a 2-D/C-D Nozzle 
F i g u r e  57 Optimum Area R a t i o  f o r  a 2-D/C-3 Nozzle 
in Figure 58. With the geometric relationships provided by the previous 
A9/A8 and 0 D I V  schedules, the necessary i n p u t  parameters are 
available to  obtain CF as a function of A9/A8 2nd 
G PEAK 8 from the correlation of experimental data presented in Figure D I V 
59, The CF values for  old and new configurations 
G PEAK 
provide the data needed to obtain the A c F  resulting from the 
G 
geometric change in 8 DIV. Presently, the code v ~ i l  1 t r ea t  divergent 
half angle effects  on the ADEN gross thrust coefficient as if i t  were a 
2-0 convergent divergent nozzle. If more accuracy i s  required, th i s  
effect should be programmed for an ADEN type nozzle. 
The experimental data from Reference 24 were also used to  obtain the 
effect of nozzle aspect ra t io .  These data, presented in Figure 60, 
provide a correction factor, as a 
'FG/CFG AR = 1 
function of Log AR for minimum and maximum j e t  sett ings.  
Effect of Aspect Ratio and Wedge Half-Angle on CF of a 2-C Wedge 
Nozzle G 
The format for  2-D wedge nozzle PIPS1 input data maps i s  shown in Figure 
61. This format provides CF as a function of nozzle pressure 
rat io ,  PT8/Po, fo r  two nozzlg area r a t i o  schedules, one for  non- 
afterburnit~g operation and one for  maximum afterburning operation. These 
schedules assume that  variable area nozzle geometry i s  available such tha t  
the nozzle area r a t io  can be scheduled to operate at  the optimum value 
until the geometric limits of nozzle travel are reached. 
The experimental data from Reference 24 were used to  provide the correc- 
tion factors  for  2-D wedge nozzle aspect r a t i o  and wedge angle. The data 
used in the computer program were prepared as correction factors relat ive 
t o  the basei ne values of a wedge angle, 8 p ,  nC 10' and an aspect 
ratio,AR , of 1.0. The resultfog correction factors are presented in 
Figures 62 and 63. 
Figure 58 Optimum Divergence1 Angle as a Function of 
?-D/C-D Nozzle Area Ratio 
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Figure 62 Effect of Aspect Ratio on 2-0 Plug Nozzle 
Performance 
PLUG HALF-ANGLE, ep 
Figure  63 E f f e c t  o f  P lug Angle on 2-0 Plug Nozz le  
Performance 
2.3.4 NACELLE AND INLET WEIGHT 
Boeing Military Airplane Development Weight Technology Staff engineers 
have developed weight prediction methods for  nacelles and in l e t s  (see 
Reference 25) .  These methods are currently being used i n  support of 
conceptual design, configuration development and technology assessment 
studies. A t  t h i s  stage of airplane development, only general airplane 
design parameters are known: mission requirements, gens;-a1 arrangement 
drawing ( a  three view), basic engine dimensions and location (podded-wing 
or body mounted, body buried, e tc . ) ,  engine airflow and thrust  (SLST) and 
engine in l e t  and nozzle type. These weight prediction methods are well 
suited for t h i s  type of study when there i s  limited design information 
avai 1 able. When used by experienced weight engineers, these methods 
typically produce w i t h i n  - +lo% of the actual weight of in l e t s  and/or 
nacelles. Figure 64 shows the correlation of estimated versus actual 
nacelle weight for the current data base of 42 currently operational 
airplanes. Figure 65 shows the estimated versus actual correlation for  
a i r  induction ( i n l e t )  weight for  a data base of 24 currently operational 
airplanes. 
Nacelle weight for  a podded instal la t ion i s  generally considered to 
include weight allowance for engine mounts, non-structural f irewall ,  
nacelle cowling and s t ru ts .  For a body buried instal la t ion nacelle 
cowling and s t ru t s  are not applicable. Engine mount weights are 
determined as a function of maximum sea level s t a t i c  thrust.  
Firewall weights are based on a s t a t i s t i c a l  average unit weight; 
Nacelle cowl weights (see figures 66 through 68) are determined as a 
function of cowl dimensions. Cowling weight as estimated by th i s  method 
has been modified to  eliminate the correction factor for  dynamic 
pressure. Using th i s  revision, the method accurately predicts an 
axisymmetric pod weight b u t  underpredicts the two dimensional dual pod 
weight. 
t 
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Figure 65 Air Induction Weight Correlation 
MAX. NOSE COWL DlAMETERelNCHES 
Figure 66 Nose Cowl Weights 
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Figure 67 Fan Cowl Weight 
SIDE COWL UNIT WEIGHT 
" LBS./SQ. FT. 
0 
4 
0 k, 0 
-I- 
I n l e t  weight, by cu r ren t  accepted standards, inc ludes on l y  the  i n t e r n a l  
surfaces t h a t  aue wetted by the  i n l e t  f low.  The nose cowl weight f o r  
podded engine i n s t a l l a t i o n  on subsonic a i rp lanes  i s  normal ly  considered 
t o  inc lude the  i n t e r n a l  and external  cowl s t ruc ture ,  w h i l e  on body 
submerged engine i n s t a l l a t i o n  conf igura t ions  o f  supersonic a i r ~ l a n e s ,  t he  
i n l e t  weight i s  c a l l e d  a i r  induc t ion  weights and the  ou ter  cowl i s  p a r t  
o f  s t r u c t u r a l  weight. A i r  induc t ion  weight p r e d i c t i o n s  us ing the 
e x i s t i n g  methods inc lude a1 lowances f o r  i n l e t ,  movable ramps and/or p lugs 
and i n take  ducting, bu t  does not  inc lude a1 lowances f o r  e x t e r i o r  
s t ruc ture .  Weight p red i c t i ons  are based on i n l e t  type (ex terna l  o r  mixed 
compression o r  f i x e d  ramp/plug), f i x e d  o r  v a r i a b l e  geometry, shape 
(two-dimensional o r  axisymmetric), engine f r o n t  f lange diameter, a i rp lane 
maximum dynamic pressure and a i r  i nduc t i on  system t o t a l  length. The 
ar ia lys is  base f o r  t he  i n l e t  weight p r e d i c t i o n  methods allowed fo r  hammer 
shock load ing  o f  a i rp lanes  requ i red  t o  operate a t  h igh  dynamic pressures. 
For  each i n l e t  type shown below, t ks  ca l cu la ted  inle; weight includes t h e  
weight  o t  a duct  which has the  assumed L/D (see Figures 69 through 76). 
(1 )  2-D Mixed Compvession L/D = 5.88 AR = 1.06 
(2)  2-D External  Compression L/D = 3.85 
( 3  2-D Fixed Ramp L/D = 4.89 
( 4 )  Axisymmetric Fixed L/D = 0.88 
Center Body 
(5) Axisymmetric External  L/D = 2.02 
Compression Expandable 
Center Body 
(6 Axisymmetric External  
Compression Trznsl  a t  i n g  
Center body 
( 7  Axisymmetric Mixed 
Compressi on Trans 1 a t  i ng 
Spike 
Axisymmetric Mixed 
Compression Expandable 
Centerbody 
Figure 69 Two-Dimensional Mixed Compression Inlet Wetqbt 
FMre 70 Two-Dimensional External Compression Inlet Weight 
14 1 
1 1 1 1 
LINLEi 1 DFF a CONSTANT 4.89 
Figure 71 Two-Dimensional Fixed Ramp Inlet Weight 
LTOTAL --C( 
LINLET / DFF a CONSTANT = 0.88 
- - 
INLET DIAMETER (INCHES) 
Axisymmetric Fixed Centerbody Inlet Weigh r 
k LTOTAL+ 
L~NLET / DFF = CONSTANT = 2.02 
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Figure 73 Axisymmefric External Compression Expandable Centerbody Inlet Weight 
Figure 74 Axisymmetric External Compression Translating Centerbody Inlet Weight 
INLET DIAMETER (INCHES) 
Figure 75' Axisymmetric Mixed Compression Tanslating $oike h le  t Weight 
Figure 76 Axisymmetric Mixed Compression Expandable Centerbody Inlet Weight 
Weight estimating methods for two-dimensional mixed compression inlets 1: 
(inlet type 1) and axisymmetric mixed compression inlets with translating 
spikes (inlet type 7) were revised. The revisions to the axisymmetric 
inlet methodology are based on reported weight data for the Boeing 
designed SST singly podded engine installation. Revisicns to the two 
dimensional inlet methods are based on the weight reported by North 
American for their design of a dual podded engine installation for the 
Boeing SST (see Figures 69 and 75 respectively). 
Both the axisymmetric and the 2-D inlet weight methods were modified on 
the basis of paper study inlets. Reasonable results were achieved when 
used to predict the two development inlets. The methods have not been 
verified by using them to estimate flying in service hardware due to the 
unavailabiljty of data; therefore, confidence in the revised methodology 
is not as high as might be desired. 
The revised waight estimating method for axisymmetric mixed compression 
inlets now incl!ldes allowances for throat and bypass doors (see Figures 
77 and 78). Similarly, the revised weight estimating method for 2-0 
mixed compression inlets now includes allowances for bypass doors (see 
Figure 79). These increments were developed using the reported weights 
as a basis for adjusting the basic inlet weight, the incremental weight 
of throat and bypass doors, respectively, as a function of inlet diameter 
and dynamic pressure. 
The weight of each inlet type (1 through 8j includes duct weiaht  
corresponding to the designated L/D. During the instal 1 a t i o i l ,  if th.: 
ca.lculated L/D differs, the duct weight will be adjusted (see Figzre 80). 
2.3.5 NACELLE DRAG 
The following is a list of the nacelle drags calculated for a podded 
installation: 
o Skin friction (subsonic & supersonic) 
o Form drag (subsonic) 
o Wave drag (supersonic) 
INLET DIAMETER (INCHES) 
Figure 77 Delta Weight for Throat Doors. Axisymmetric Mixed Con:p,ression lnlen 
5000 psf 
40QO psf 
3000 psf 
2080 psf 
- - 
INLET DIAMETER (INCHES) 
Figure 78 Delta :Weight for Bypass Doom, Axisymmetric Mixed Compression InIeh 
INLET DIAMETER (INCHES) 
Figure 79 Delta Weight for Bypass Doors, 2-0 Mixed Compression Inlets 
INLET DIAMETER (FT.) 
Figure 80 Inlet Duct Unit Weight 
Skin Friction Drag 
Friction drag i s  the integral of the shearing stresses taken over the 
exposed surface (wetted area) of the vehicle. In practice the f r ic t ion  
drag i s  dependent on the amouat of exposed surface, the average skin 
f r ic t ion  coefficient and the surface roughness. The major portion of 
subsonic minimum parasite drag can be attributed to  skin fr ic t ion.  
The average skin f r ic t ion  coefficient and f r ic t ion  drag coefficient used 
in his document are derived by standard techniques. The calculations and 
curves presented assume the  foi  iov:Siig: 
1. Turbulent f 1 ow 
2. Smooth f l a t  plate 
3 . Zero heat transfer 
4. Free stream s t a t i c  temperature 400'~ 
5. Ratio of specific heats and recovery factor are 
allowed to vary with the reference temperature 
corresponding to the mean enthalpy across the boundary 
1 ayer. 
The assumption of turbulent flow requires the majority of the boundary 
layer to  be turbulent. For most configurations th i s  coi~dition i s  
6 sa t i s f ied ,  however, a t  low Reynolds numbers ( e l 0  ) i t  i s  possible t o  
have considerable areas w i t h  laminar flow so a correction factor has been 
included. Since the effects of heat transfer are suf f ic ie t ly  complex 
they will be neglected in the scope of preliminary design. Flight 
conditions of present day configuration studies do not warrant extensive 
heat transfer inves t iga t io~ .  The selection of a f ree  stream s t a t i c  
temperature of 400'~ was based on a compromise which introduces 
negligible error over expected operating conditions of present day 
configurations. 
The following method describes the method for  determining the fr ic t ion 
drag coefficient. 
(1 Ca l cu la te  t h e  wet ted area and l e n g t h  o f  t h e  n a c e l l e  
t h a t  i s  exposed t o  f r e e  stream a i r .  
( 2 )  Us ing F igu re  81, determine t i l e  Reynolds number pe r  
f o o t  per  Mach number as - f u n c t i o n  o f  t h e  f l i g h t  
c o n d i t i o n s  a l t i t u d e .  
(3 )  Ca lcu la te  t h e  e f f e c t i v e  Reynolds number b y  m u l t i p l y i n g  
t h e  Reynolds number o f  p a r t  ( 2 )  by  Mach number and 
n a c e l l e  length.  
(4 )  Determine t h e  admiss ib le  roughness /k where i s  t he  
n a c e l l e  l e n g t h  o f  p a r t  (1) and k i s  t h e  su r f ace  
roughness h e i g h t  i n  inches. Representat i \ .e  va lues o f  
k (based on measurements of a  wide v a r i e t y  o f  
a i r c r a f t )  are shown i n  Table  V I I I .  
(5) Ca lcu la te  t h e  cutof f  Reynolds number assoc ia ted  w i t h  
su r face  roughness from F igu re  82 as a f unc t i on  f ree  
stream Mach number and admiss ib le  roughness, /k. 
( 6 )  Obta in  t h e  average s k i n  f r i c t i o n  c o e f f i c i e n t  f o r  t h e  
n a c e l l e  f rom F i g u r e  83 us i ng  t h e  f r e e  stream Mach 
numer and t h e  l e s s e r  o f  t he  Reynolds nuvbers 
c a l c u l a t e d  i n  p a r t s  ( 2 )  and ( 5 ) .  The c l l t o f f  Reynolds 
number w i l l  o r d i n a r i l y  be a  f 3 c t o r  o n l y  a t  combined 
low a l t i t u d e  and h i g h  speed f l i g h t  cond i t i ons .  
DRAGSKIN = C DSKIN *WET 
FRIC F R I C  
A, = N a c e l l e  wet ted area 
q = dynamic pressure 
Form Drag (MNe1)  
The component o f  p a r a s i t e  drag o f t e n  r e f e r r e d  t o  as fo rm drag o r  
" p r o f i l e "  drag r e s u l t s  f rom t h e  a i r c r a f t  o v e r a l l  shape o r  p r o f i l e  which 
i s  submi t ted  t o  t h e  f r e e  stream. The fo rm drag presented i n  t h i s  sec t i on  
i s  designed t o  be a p p l i e d  a t  subsonic 'speeds on ly .  
Figure 8 7 Reynolds Numtw / Foot /Mach N l ~ n ~ t ~ r  /Sm Cc~/f?/ to 100.000 FT.) 
Figvre 87 Reynolds Nimrhr /Foot /Mad l  N~~r~r t j r r  (1CX) O W  rr, 200 P?O r Z )  
TABLE Vl l l  REPRESENTATIVE VALUES OF SURFACE ROUGHNESS HEIGHT 
TYPE OF SURFACE 
NATURAL SHEET METAL 
CAMOUFLAGE PAINT, ROUGHLY I APPLIED 
k - IN. 
0 . 1 6 ~  l o 4  
I STANDARD CAMOUFLAGE PAIRIT 0.25 x 1 oe3 I 
CUTOFF REYNOLDS NUMBER, R R 
Figure 82 Cutoff Reynolds Number 
Figure 83 A verage Skin Friction Coefficients 
Figure 83 Average Skin Friction Coe fficens 
d 
... a, ". .. . , 
. . .- Ail 
Nacelle form drag i s  influenced by a variety of factors such as inlet  mass 
flow rat io ,  nacelle curvatilre and nozzle boattai 1 angle. However, since 
tl e reference drag nacelle condition i s  a large mass flow ra t io  and an 
open nozzle (small boattail angle), a rather simple coefficient of form 
drag equation will be used for the nacelle. 
. . 
where 
1 = nacelle length 
~d = the difference between the maximum nacelle diameter and the 
average of the in le t  diameter and the nozzle exi t  diameter 
C = nacelle f l a t  plate skin f r ic t ion  drag coefficient 
f 
Nacelle farm drag will thus be defined by: 
= C A 
 DRAG^^^^ DFORM W q 
where 
A~ = Nacelle wetted area 
q = dynamic pressure 
Wave Drag (MN-1) 
Wave drag i s  the zero l i f t  pressure drag resulting from the formation of 
shock systems associated w t h  the supersonic flow of compressible f luid 
around an object of f i n i t e  thickness. 
3 I.. - 
To determine the  nace l l e  wave drag, d a t ~  f rom wind tunnel  and f r e e  f l i g h t  
sources have been represented i n  F igure 84. The c o e f f i c i e n t  CD has 
b ~ e n  p l o t t e d  versus an equivalent  r a t i o  d / l .  F igure  85 i s  a nace l l e  
schematic used t o  determine d / l ,  where: 
5/3 
II 
= 0.7(d/ l  IEquiv 
x = diameter a t  s t a t i o n  x 
I, = length  a t  s t a t i o n  x 
A x  = area a t  s t a t i o n  x 
d3'd2 c 2  iZdl) ( ~ ~ - 1 ~  1 + (-) ( A ~ - A ~ )  + . . . . . 
a ' 3-'2 (dl' )E~"I v A~~~ 
A ~ ~ x  = maximum nace l l e  area 
2.3.6 NACELLE WETTED AREA 
To determine n a c e l l e  drag and weight, the  wetted area o f  the nace l le  i s  
requi red.  A user i n p u t  under the  &WET namel is t  i s  requ i red  t o  describe 
the f l o w  paths f o r  any components t h a t  are v i s i b l e .  F igure  86 gives an 
example of a sho r t  duct turbofan. The i npu ts  f o r  t h i s  example would be: 
ITERFP(1) = 1,2,3,4,5,0 
ISECFP(1) = 1,2,3,6,7,8,9,10,1?,12,0 
The l a s t  component number o f  each f lowpath must be zero t o  in form the 
computer o f  a f l o w  pa th ' s  terminat ion.  The ITERFP ar ray  must be comprised 
o f  t he  engines outermost f l o w  path. 
The c a p a b i l i t y  o f  adding " X "  inches t o  the  r a d i i  o f  each component e x i s t s  
t o  determine t h e  ou ts ide  dimension o f  t h e  nacel le ,  thus a l low ing f o r  
f lange heights, plumbing, ducting, etc.  Using the component f lowpath 
designat ions and t h e  WATE-2 arrays o f  component lengths and outer  r a d i i  
( w i t h  " X u  inches added), t he  nace l l e  wetted area i s  determined. The 
nace l le  i s  considered t o  be a x i s m e t r i c  and each component i s  considered 
t o  be a f rus t rum o f  a r i g h t  c i r c u l a r  cone (see Figure 87). S p l i t t e r s  are 
ignored because o f  t h e i r  zero length. 
0 ID. 1 0.2 0.3 0.4 0.5 0.6 0.7 
d l 8  
Figure gq Maximum Body Wave Drag 
q = Dynamic pressure 
Figure 85 Nacelle Schematic for Determination of Wave Drag 
ENGINE LAYOUT 
Figure 86 Typical inputs for A Nacelle Pmed Area Calculation 
SURFACE AREA = a S ( Dl s D2 ) / 2 
tan db = (Dl  - D 2 ) / 2 / L = ~  
$ = arc tan A 
tor 9 = L / S  
s= L / m  $ 
SURFACEAREA = a L / m s $  ( D 1 + 4 ) / 2  
Figure 87 Wetted Area Ca/cu/ation 
Using the  inputed length  o f  the i n l e t ,  i t s  capture area and the  rad ius  o f  
the engine f r o n t  face ( i t s  component number i s  a  &I i npu t ) ,  the  wetted 
area o f  the i n l e t  i s  determined. 
The L 3 t a l  fan  cowl wetted area i s  comprised o f  the  i n l e t  wetted area and 
tha t  o f  the  outermost f l o w  path (ITERFP f o r  our example). AWAX and 
)equiv are a lso ca lcu la ted  i n  t h i s  r o u t i n e  t o  be used w i t h  the  fan 
cowl wetted area and fan  cowl length  i n  t he  nace l l e  drag rou t i ne .  
The t o t a l  engine cowl wetted area i s  comprised o f  t he  fan  cowl wetted area 
plus t h a t  o f  t he  innermost f lowpath. The engine wetted area and engine 
length  are used i n  the  nace l l e  weight rou . l ,~ ie .  
3.0 APPENDIX 
CHECK OF SOME DERIVATIVE PROCEDURE METHODS 
This appendix will show results for a limited number of inlets, using the 
inlet derivative procedure methods for bleed rates, a ~ d  lnlet design point 
recovery with varied inlet design Mach number. The aStempt will be made 
to transform from one known inlet to the parameters of another known inlet. 
Two groups of inlets are considered. The first consists of three mixed 
compression, two-dimensional inlets, defined in the following table, All 
values are given for the design Mach number. 
Design Mach No. 
Recovery 
Bleed Rate 
Initial Ramp Angle 
Aspect Ratio 
Side Plate Cutback 
Ramp Surface Mach No. 
Ref erenee 
Since there is z r y  little difference in aspect ratio, its effect will be 
neglected in the following. Bleed rate calculations will he made for 
these inlets, then recovery calculations will be considered. 
Two bleed predictions methods will be used. The first will use the 
equation 
The second w i l l  use t h i s  same equation f o r  the low pressure bleed, where 
and i t  w i l l  use 
(" surface"d] . 
( ~ Q r i a c e )  new 
surface new o design old 
f o r  t he  h igh  pressure bleed. 
For t he  Mach 2.5 i n l e t  transformed t o  the Mach 2.6 i n l e t  design va r ia -  
bles, t h e  f o l l o w i n g  r e s u l t s  were obtained: 
Mach 2.5 BLc = 0.07 
A, 
a 
Mach 2.6 Method 1 -0 = 0.087 
A, 
Method 2 BLC = 0.085 (vs. 0.07) 
'b 
For the  Mach 2.5 t o  Mach 3.0 design var iab les  
Plethod 1 A. BLC - = 0.1 16 
*c 
Method 2 - A O ~ L c  .- = 0.1 1 1  (vr. 0.105) 
Ac 
For the  Mach 2.6 t o  Mach 3.0 design var iab les  
Method 1 -- *O EU: = 0.092 
Ac 
A0 
Met hod 2 = 0.90 (w. 0.10s) 
Ac 
These results do not seem initially to be consistent. If one were to say 
that they are due to differences in maneuverability (angle-of-attack 
capability), with higher bleed rate equating to higher maneuverabil ity, 
then we would rate the inlets with the Mach 2.6 as least maneuverable, 
the Mach 2.5 as most maneuver- able, and the Mach 3.0 inlet between. 
This was done by comparing bleed rates at a Mach 3.0 design for each 
inlet. Examining the references it was found that the Mach 2.5 inlet was 
for a fighter-bomber, the Mach ,:.6 inlet for a commercial SST, and the 
Mach 3.0 inlet for a bomber. The maneuverabil ity characteristics would 
indeed rank the inlets as listed from the prediction. 
It is likely that kigh maneuverability brings lowered recovery to achieve 
stable operation. Knowing the ranking above, it would be expected that 
for a Mach 3.0 design, the Mach 2.6 base would have highest recovery, the 
Mach 2.5 lowest recovery, and the Mach 3.0 between them. 
P P  rP 
' T o . l ~ o )  The recovery calculation assumes that the inlet loss co-eff icient,-- 
s, 
is valid. Thus when design Mach number changes, qo changes. The 
equation is 
P ~ 2  
-
P 
''0 new 
b & .  For the Mach 2.5 to Mach 2.6 design 
i i" 
t For the Mach 2.5 to M a w  3.0 design 
P 
T2 
.c 0.863 (vs. 0385) % .,
For t h e  Mach 2.6 t o  Mach 3.0 design 
p ~ 2  
-- = 0.881 (vs. 0.885) 
"0  new 
These predic t ion 's  o f  recovery would, i n  fact,  order  the i n l e t s  i n  the 
same manner as p rev ious l y  ranked. The r e s u l t  o f  these comparisons i s  
t h a t  the  bleed and recovery analyses show the  c o r r e c t  trends. I t  also 
i l l u s t r a t e s  t h e  e f f e c t  and importance o f  t he  s e l e c t i o n  o f  the base l ine  
i n l e t  map f i l e .  Fur ther  demonstration o f  the methods requ i res  eva lua t ion  
among a f a m i l y  of i n l e t s  w i t h  s i m i l a r  designs and app l i ca t i ons .  
The second group o f  i n l e t s  cons is ts  o f  four mixed compression, axis-vm- 
m e t r i c  i n l e t s ,  a1 1 designed f o r  supersonic c r u i s e  appl i c a t i o n .  The 
f o l l o w i r ~ g  t a b l e  prov ides in fo rmat ion  a t  the design ?4ach number. 
Design Mach No. 2.35 2.65(A) 2.65(B) 3.5 
Recovery -93  ,927 .907 .837 
Bleed Rate .0553 .0662 .07 . I34 
I n i t i a l  ConeAngle 10.30 11.20 9.00 10.00 
Cone Surface Mach No. 2.174 2.326 2.439 3.125 
Reference 13 11 11, 27 12 
The two bleed r a t e  p r e d i c t i o n  methods used p r e v i o u s l y  are 
used again. 
For t h e  Mach 2.35 t o  the Mach 2.65fA) design 
Method 1 - *O .-- BU: = 0.0643 ( -  2.8%) 
new 
Method 2 h . B J &  = 0.0635 ( - 4.1%) 
Ac new 
For the Mach 2.35 t o  the Mach 2.65(0) design 
Method 1 --- A0 *.-.- = 0.0732 ( t  4.6%) 
new 
A 
Method 2 -%&- = 0.0715 (t2.1%) 
4 new 
For the Mach 2.35 t o  the Mach 3.5 design 
Method 1 -- = 0.153 (t14.0%) 
ncw 
For the Mach 2.65(A) t o  the Mach 3.5 design 
Flethod 1 
Method 2 -- A''Lc = 0.147 ( + 9 . 8 % )  
Ac llCW 
For the Mach 2 . 6 5 ( ~ )  t o  the Mach 3.5 design 
Method 1 - --. - = 0.146 ( + 9.05%) 
Ac ,I,, 
A0 
Method 2 - = 0.138 ( t 2.95%) 
4- 
These comparisons show that Method 2 produces less than 30% error in 
bleed rate for  a l l  these design modifications, when compared to the 
actual inlet .  Generally the error i s  considerably s~nal e r  than that .  
Method 2 i s  used i n  the derivative procedure for  mixed compression in- 
l e t s .  These resul ts  are better than f i r s t  order accurate. 
The recovery c a l c u l a t i o n  i s  as described p rev ious l y  i n  t h i s  Appendix. 
For t h e  Mach 2.35 t o  Mach 2.65(A) design 
'0 new 
For t h e  Mach 2.35 t o  Mach 2.65(8) design 
For t h e  Mach 2.35 t o  Mach 3.5 design 
= 0.845 ( +  0.929 P 
new 
For t,he Mach 2.65(A) t o  Mach 3.5 design 
'T2 
-- 
= 0.873 ( + 4.26%) 
PTo new 
For t h e  Mach 2.65(8) t o  Mach 3.5 design 
These r e s u l t s  show exce l l en t  agreement, c e r t a i n l y  b e t t e r  than f i r s t  order 
accuracy. 
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